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(57) ABSTRACT

The present invention relates to a modulator, in particular an
inhibitor, of microRNA-24 (miR-24) and to direct and indi-
rect miR-24 targets for use in a method of treatment and/or
prevention of ischemia, in a method of prevention of endot-
helial apoptosis or in a method of induction of angiogenesis.
The present invention further relates to a precursor of miR-24
and to siRNAs or shRNAs against direct or indirect miR-24
targets for use in a method of treatment of angiogenesis
associated with cancer. The present invention also relates to
an in vitro method for diagnosing ischemia or prevalence or
disposition for ischemia, and to a method for identifying a
modulator of miR-24 and/or direct or indirect miR-24 targets.
In addition, the present invention relates to pharmaceutical
compositions or kits comprising any of the above agents, to
endothelial cells devoid of expressing functional miR-24, and
to a non-human, transgenic animal comprising these endot-
helial cells.
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Figure 11
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Figure 12
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Figure 14
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Figure 17
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MICRORNA-24

FIELD OF THE INVENTION

[0001] The present invention relates to a modulator, in par-
ticular an inhibitor, of microRNA-24 (miR-24) and to direct
and indirect miR-24 targets for use in a method of treatment
and/or prevention of ischemia, in a method of prevention of
endothelial apoptosis or in a method of induction of angio-
genesis. The present invention further relates to a precursor of
miR-24 and to siRNAs or shRNAs against direct or indirect
miR-24 targets for use in a method of treatment of angiogen-
esis associated with cancer. The present invention also relates
to anin vitro method for diagnosing ischemia or prevalence or
disposition for ischemia, and to a method for identifying a
modulator of miR-24 and/or direct or indirect miR-24 targets.
In addition, the present invention relates to pharmaceutical
compositions or kits comprising any of the above agents, to
endothelial cells devoid of expressing functional miR-24, and
to a non-human, transgenic animal comprising these endot-
helial cells.

BACKGROUND OF THE INVENTION

[0002] MicroRNAs (miRNAs) are endogenous small non-
coding single stranded RNAs that control diverse biological
processes and major signaling pathways, like developmental
timing, hematopoietic cell differentiation, apoptosis, cell pro-
liferation, and organ development. They regulate the expres-
sion of complementary target mRNAs by post-transcriptional
gene silencing, which leads to mRNA cleavage or transla-
tional repression. With more than 200 members per species in
higher eukaryotes, miRNAs are one of the largest gene fami-
lies accounting for about 1% of the genome (Bartel, 2004).
More than one third of all human genes are targeted by miR-
NAs. MiRNAs and their targets seem to form complex regu-
latory networks. For example, a single miRNA regulates
many different mRNA targets, and several different miRNAs
control a single mRNA target. Consequently, the unique com-
bination of miRNAs that are expressed in each cell type might
affect the utilization of thousands of mRNAs.

[0003] MiRNAs were recently implicated in the regulation
of diverse cardiac functions in a series of genetic studies
(Care et al., 2007). Myocardial infarction results in hypoxia
of cardiac tissue that triggers an array of pathophysiological
effects including cardiomyocyte apoptosis and impairment of
vascularization. Studies have shown miRNAs to be important
for regulation of endothelial function, especially angiogen-
esis (Wang et al., 2008). Although these studies help to delin-
eate the role of miRNA in heart physiology, growth and
morphogenesis, molecular mechanisms for miRNAs in car-
diac disease pathways are poorly understood. MiR-24 is
expressed in a variety of organs (FIG. 6), but its role in the
cardiovascular system is unclear. Therefore, the therapeutic
potential of specific miRNAs and their antagonists in cardiac
diseases remains to be established.

[0004] Myocardial infarction and cardiac dysfunction rep-
resent a critical health burden worldwide (http://www.who.
int/whosis/whostat/2009/en/index.html, WHO, 2009). Due
to the increased life expectancy, incidence and prevalence of
cardiovascular diseases will rise. Cardiac ischemia triggers
left ventricular remodeling and development of heart failure,
and the prognosis of heart failure is as bad as for certain
malignant tumors (Hill et al., 2008). A central issue of ven-
tricular remodeling after myocardial infarction is an insuffi-
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cient angiogenesis. Therapies improving neovascularization
after myocardial infarction favorably affect cardiac outcome,
however, such approaches are scarce and mechanistically not
well understood.

[0005] Therefore, therapies for the improvement in particu-
lar of cardiac healing processes post cardiovascular diseases
have to be developed.

[0006] The solution to this problem is achieved by provid-
ing the embodiments characterized by the claims, and
described further below.

SUMMARY OF THE INVENTION

[0007] A first aspect of the present invention relates to a
modulator, in particular an inhibitor, of microRNA-24 (miR-
24) for use in a method of treatment and/or prevention of
ischemia, in a method of prevention of endothelial apoptosis
or in a method of induction of angiogenesis.

[0008] Inoneembodiment, the ischemia is associated with
at least one of the group of acute and/or chronic myocardial
infarction, chronic heart failure, peripheral vascular occlusive
disease, liver and/or kidney ischemia, stroke, bowel ischemia
and chronic ulcers of the skin and/or the mucosa.

[0009] Inone embodiment, the inhibitor is an antagomir or
an antisense oligonucleotide.

[0010] In one embodiment, the antagomir or the antisense
oligonucleotide is essentially complementary to SEQ ID NO:
1. In a preferred embodiment, the antagomir has a sequence
represented by SEQ ID NO: 3.

[0011] A further aspect of the present invention relates to a
direct or indirect microRNA-24 (miR-24) target for use in a
method of treatment and/or prevention of ischemia, in a
method of prevention of endothelial apoptosis or in a method
of'induction of angiogenesis.

[0012] Preferably, the direct or indirect microRNA-24
(miR-24) target is used by activating/increasing its expres-
sion and/or activity in cells, in particular endothelial cells.
[0013] Inoneembodiment, the ischemia is associated with
at least one of the group of acute and/or chronic myocardial
infarction, chronic heart failure, peripheral vascular occlusive
disease, liver and/or kidney ischemia, stroke, bowel ischemia
and chronic ulcers of the skin and/or the mucosa.

[0014] Inoneembodiment,the directtarget is selected from
the group of GATA2, PAK4, RASA1, CDKN1B, AMOTL2,
H2AFX, RAP1B, AXL, S1PR1, MAGII, TFPI, ANGPT4
and BMPR2, preferably from the group of GATA2, PAK4,
RASAI1, AMOTL2, S1PR1, ANGPT4 and BMPR2, even
more preferably from the group of GATA2, PAK4 and
RASAI.

[0015] In one embodiment, the indirect target is selected
from the group of phosphorylated BAD, heme oxygenase 1
(HO-1 or HMOX-1), sirtl, bambi, esm1 and ntn4.

[0016] A further aspect of the present invention relates to a
precursor of miR-24 (pre-miR-24) for use in a method of
treatment of angiogenesis associated with cancer.

[0017] A further aspect of the present invention relates to a
siRNA or shRNA against a direct or indirect miR-24 target for
use in a method of treatment of angiogenesis associated with
cancer, wherein the direct miR-24 target is preferably
selected from the group of GATA2, PAK4, RASAI,
AMOTL2, S1PR1, ANGPT4 and BMPR2. Preferably, the
indirect target is selected from the group of heme oxygenase
1 (HO-1 or HMOX-1), sirtl, bambi, esm1 and ntn4.
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[0018] A further aspect ofthe present invention relates to an

in vitro method for diagnosing ischemia or prevalence or

disposition for ischemia, comprising the steps of:

[0019] a) providing a test sample of a subject comprising
endothelial cells;

[0020] D) identifying the amount of miR-24 and/or of at
least one direct or indirect miR-24 target in the test sample;

[0021] c) comparing the amount of miR-24 and/or of the at
least one direct or indirect miR-24 target in the test sample
with a control sample;

wherein an up-regulation of miR-24 and/or a down-regula-

tion of the at least one direct or indirect miR-24 target in the

test sample, in comparison to the control sample, indicates

ischemia or prevalence or disposition for ischemia.

[0022] A further aspect of the present invention relates to a

method for identifying a modulator of miR-24 and/or of a

direct or indirect miR-24 target comprising the steps of:

[0023] a)providingacell culture expressing miR-24 and/or
a direct or indirect miR-24 target;

[0024] D) contacting a candidate substance with the cell
culture;
[0025] c) assessing the expression and/or activity of miR-

24 and/or of the direct or indirect miR-24 target;

[0026] d)comparing the expression and/or activity of miR-
24 and/or of the direct or indirect miR-24 target of step c¢)
with the expression and/or activity in the absence of the
candidate compound,

wherein a difference in the expression and/or activity of miR-

24 and/or of the direct or indirect miR-24 target qualifies the

candidate substance as a modulator of miR-24 and/or of the

direct or indirect miR-24 target.

[0027] A further aspect of the present invention relates to a

pharmaceutical composition or kit comprising a modulator,

in particular an inhibitor, of microRNA-24 (miR-24) as
defined above, preferably an antagomir and/or an antisense
oligonucleotide which is essentially complementary to SEQ

ID NO: 1, more preferably an antagomir having a sequence

represented by SEQ ID NO: 3.

[0028] In one embodiment, the pharmaceutical composi-

tion or kit as defined above, further comprises at least one

direct or indirect miR-24 target as defined above.

[0029] A further aspect of the present invention relates to a

pharmaceutical composition or kit comprising at least one

direct or indirect miR-24 target as defined above.

[0030] A further aspect of the present invention relates to a

pharmaceutical composition or kit comprising a precursor of

miR-24 (pre-miR-24) as defined above and/or a siRNA or
shRNA against a direct or indirect miR-24 target as defined
above.

[0031] A further aspect ofthe present invention relates to an

endothelial cell devoid of expressing functional miR-24.

[0032] A further aspect of the present invention relates to a

non-human, transgenic animal comprising cells devoid of

expressing functional miR-24.

[0033] In a further aspect the present invention relates to a

method for treating ischemia in a subject in need thereof,

comprising the steps of:

[0034] a) identifying a subject suffering from ischemia;

[0035] b) inhibiting the expression and/or activity of miR-
24 and/or activating/increasing the expression and/or
activity of at least one direct or indirect miR-24 target as
defined above in cells, in particular endothelial cells, of the
subject.
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[0036] In a still further aspect, the invention relates to a
method for preventing ischemia in a subject which is at risk of
developing ischemia, comprising the steps of:

[0037] a) identifying a subject which is at risk of develop-
ing ischemia;

[0038] b) inhibiting the expression and/or activity of miR-
24 and/or activating/increasing the expression and/or
activity of at least one direct or indirect miR-24 target as
defined above in cells, in particular endothelial cells, of the
subject.

[0039] In another aspect the invention relates to a method
for preventing endothelial apoptosis in a subject in need
thereof, comprising the step of inhibiting the expression and/
or activity of miR-24 and/or activating/increasing the expres-
sion and/or activity of at least one direct or indirect miR-24
target as defined above in endothelial cells of the subject.
[0040] In a further aspect, the present invention relates to a
method for inducing angiogenesis in a subject in need thereof,
comprising the step of inhibiting the expression and/or activ-
ity of miR-24 and/or activating/increasing the expression
and/or activity of at least one direct or indirect miR-24 target
as defined above in cells, in particular endothelial cells, of the
subject.
[0041] Ina further aspect, the present invention relates to a
method for treating angiogenesis associated with cancer in a
subject in need thereof, comprising the step of activating/
increasing the expression and/or activity of miR-24 (e.g. by
applying pre-miR-24) and/or inhibiting the expression and/or
activity of at least one direct or indirect miR-24 target as
defined above in cancer cells of the subject.

[0042] Another aspect ofthe present invention relates to the
use of
[0043] a modulator, in particular an inhibitor, of

microRNA-24 (miR-24) as defined above and/or
[0044] adirect orindirect microRNA-24 (miR-24) target
as defined above
for the manufacture of a medicament for the treatment and/or
prevention of ischemia, of a medicament for the prevention of
endothelial apoptosis or of a medicament for the induction of
angiogenesis.
[0045] A further aspect of the present invention relates to
the use of
[0046]
or
[0047] a siRNA or shRNA against a direct or indirect
miR-24 target as defined above
for the manufacture of a medicament for the treatment of
angiogenesis associated with cancer.
[0048] The invention will be more apparent from the dis-
closure of the following description together with the figures
and sequence listing.

a precursor of microRNA-24 (pre-miR-24) and/

DESCRIPTION OF THE DRAWINGS

[0049] FIG. 1 shows selective miR-24 upregulation in
endothelial cells after myocardial infarction and hypoxia. (a)
Expression of miR-24/RNU6-2 in human umbilical vein
endothelial cells (HUVEC) and rat neonatal cardiomyocytes
24 hafter normoxic (21% O,) or hypoxic conditions (1% O,).
(b) Expression of miR-24 relative to Rnu6-2 in fractionated
endothelial cells (magnetic affinity cell sorted CD146™ cells),
cardiac fibroblasts and cardiomyocytes of the periinfarct or
remote region 0d, 1 d, 3 d or 14 d after myocardial infarction
(MI) of mice. (c¢) Expression of cell-type specific miRNAs in
fractionated cardiac endothelial cells (E), cardiomyocytes
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(C) and fibroblasts (F). (d) In situ hybridization of miR-24 in
infarcted (MI) and non-infarcted (Sham) mouse myocar-
dium. Black arrows point on regions with intense hybridiza-
tion signals. n=3-7 per experiments or animals per group.
Data are mean and s.e.m.; *P, 0.05, **P, 0.01, ***P, 0.005.
Scale bar, 1.0 mm.

[0050] FIG. 2 shows activation of endothelial apoptotic
programs and impairment of angiogenic properties by miR-
24 (a) Relative changes of apoptotic cells 72 h after transfec-
tion of endothelial cells (HUVECsS), neonatal rat cardiomyo-
cytes or rat cardiac fibroblasts with scrambled-miR (scr-
miR), synthetic miR-24 precursors (pre-miR-24) or miR-24
antagonists (anti-miR-24). (b) Changes of apoptotic endot-
helial cells after transfection with scr-miR, pre-miR-24 or
anti-miR-24 for 72 h and subsequent exposure to hypoxia
(1% O,, 24 h) or normoxia (21% O,, 24 h). (¢) Tube formation
(top) and spheroid formation (bottom) capacity of HUVECs
72 hpost transfection with scr-miR, pre-miR-24 or anti-miR-
24. (d) Migratory (scratch wound assay) and (e) proliferation
(BrdU assay) capacity of HUVECs 72 h after transfection
with miR-24 or scrambled controls. n=3-4 experiments per
group. Data are mean and s.e.m.; *P, 0.05, **P, 0.01, ***P,
0.005.

[0051] FIG. 3 shows that miR-24 coordinates a complex
program of endothelial-enriched targets important for apop-
tosis and vascularization. (a) Protein expression of GATA2,
PAK4, and GAPDH 72 h after transfection with scrambled
miRNAs (scr-miR) or synthetic miR-24 precursors (pre-miR-
24) to human umbilical vein endothelial cells and statistical
summary. (b) Activities of luciferase reporter constructs com-
prising the normal or mutated 3'UTR regions of GATA2 and
PAK4 mRNA relative to beta-Gal control plasmids after
transfection of synthetic miRNAs. (c) Tube formation of
HUVEC:s after transfection of scr-siRNA or siRNA against
GATA2 or PAK4 24 h after seeding on top of matrigels. (d)
Apoptosis of endothelial cells after transfection of scrambled
siRNA (scr-siRNA) or siRNAs specific for GATA2 (siRNA-
GATA2) or PAK4 (siRNA-PAK4). (e) Chromatin immuno-
precipitation of several DNA sequences by GATA2 (GATA2-
IP) when compared to appropriate controls. (f) Signal
intensity of 35 different apoptosis-related proteins (in dupli-
cates) on Proteome Profiler™ Array membranes (top) and
statistical summary (bottom) after hybridization of endothe-
lial protein extracts 72 h post-transtection with scrambled-
miRNAs (scr-miR) or synthetic miR-24 precursors (pre-miR-
24). (g) Heme oxygenase 1 (HMOX1, left) expression and
ratio of phospho-BAD (measured by ELISA) relative to BAD
expression (measured by Western blot) (right) in endothelial
cells 72 h after transfection with scr-miR, pre-miR-24 or
anti-miR-24. (h) pPBAD/BAD ratio in endothelial cells 48 h
after transfection of scrambled siRNA (scr-siRNA) or siRNA
against PAK4 (siRNA-PAK4). (i) Scheme of miR-24-regu-
lated targets and downstream signalling cascades in endothe-
lial cells. Data are mean and s.e.m.; *P, 0.05, **P, 0.01, ***P,
0.005.

[0052] FIG. 4 shows that antagomir-24 treatment improves
vascularization and preserves cardiac function after myocar-
dial infarction. (a) Design of the antagomir in vivo study. (b)
Uptake of Cy3-labeled antagomirs in endothelial cells (HU-
VECs, 10 pg/ml, 24 h). (c) Percent decrease of miR-24/
Rnu6-2 in fractionated cardiomyocytes and CD146* endot-
helial cells after treatment with 5 mg/kg or 80 mg/kg (each at
day 0 and 2) of antagomir-24. Note, endothelial miR-24 was
significantly reduced after dosing with 5 mg/kg, whereas in
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cardiomyocytes miR-24 was only significantly repressed
after application of high doses. (d) Expression of the miR-24
targets Gata2, Pak4 and Rasal in fractionated CD146" car-
diac endothelial cells obtained from Sham-operated mice and
mice after MI post treatment with scrambled antagomir (Scr)
or antagomir-24 (Ant24). Gapdh and endothelial-specific
VE-cadherin (Cdh5) served as controls; Right, statistical
summary. (e) Left, capillary (Pecam1) and arteriolar (Acta2)
density in cardiac sections of the periinfarct region fourteen
days after myocardial infarction and after treatment with
antagomirs against a scrambled sequence (Scr) or miR-24
(Ant24). Right, statistical summary of the number of
Pecam1™ capillaries and Acta2* arterioles in the periinfarct
and remote area. (f) Cardiac function as fractional shortening
(FS) measured by echocardiography fourteen days after
Sham-operation or myocardial infarction (MI). (g) Diastolic
and (h) systolic left ventricular diameter (LVd and LVs). (i)
Lung wet weight after Sham-operation or MI. n=3-9 experi-
ments/animals per group. For e, f, g, h, 1 at least n=6 animals
per group. Data are mean and s.e.m.; *P, 0.05, **P, 0.01, ***P,
0.005.

[0053] FIG. 5 shows cardiac expression of miR-24 and
related miRNAs. (a) In situ hybridization of miR-24 in human
non-infarcted and infarcted myocardial biopsies. (b) In situ
hybridization of the miR-24 related miRNAs miR-23a, miR-
23b, miR-27a and miR-27b in sham-operated and mice 14d
after myocardial infarction (MI). Scale bar, 1 mm.

[0054] FIG. 6 shows transfection efficacy of miR-24 to
cardiovascular cells. Left, expression of miR-24 and RNU6-2
72 h after transfection of scrambled miRNAs (scr-miR, 100
nM), miR-24 precursors (pre-24, 100 nM) or miR-24 antago-
nists (anti-24, 100 nM) to human umbilical vein endothelial
cells, rat neonatal cardiac fibroblasts or cardiomyocytes.
Right, Transfection of Cy3-labeled control miRNA precur-
sors (72h, 100 nM) to different cardiac cell types. n=3 experi-
ments per group. Data are mean and s.e.m.; ***P, 0.005.
[0055] FIG. 7 shows that MiR-24 inhibits endothelial tube
formation independently from its pro-apoptotic activity.
Endothelial tube formation 72 h after transfection of
scrambled miRNAs (scr-miR, 100 n1M) or miR-24 precursors
(pre-miR-24, 100 nM) in the presence or absence of a pan-
caspase inhibitor (Caspase 3 inhibitor I, 100 um, 72 h). n=4
per group.

[0056] FIG. 8 shows miR-24 effects in cardiac fibroblasts.
Collagen type 1 (CollAl) expression (a) and proliferation
capacity (b) in cardiac fibroblasts 72 h after transfection of
scrambled miRNAs (scr, 100 nM), miR-24 precursors (pre24,
100 nM) or miR-24 antagonists (anti24, 100 nM). n=3-4 per
group. Data are mean and s.e.m.

[0057] FIG. 9 shows that miR-24 impairs vascularisation in
zebrafish embryos. (a) MiR-24 expression in zebrafish
embryos 48 h after injection of miR-24 precursors. (b, ¢)
Statistical summary of fish embryos that develop pericardial
edema/blood accumulation defects (b) and vascular defects
(c). Lateral views of control (scrambled sequence)-(d, e) and
pre-miR-24-injected (f-1) tg(flk1:GFP) zebrafish embryos at
48 h post fertilization (hpf). miR-24 overexpressors display
impaired and irregular vascularisation patterns (white arrows
in (g, 1)). Moreover pericardial edema and blood accumula-
tion is seen after miR-24 overexpression (black arrows in
(£;h)). ***P, 0.005.

[0058] FIG. 10 shows regulation of the further miR-24
targets RASA1 and H2AFX in endothelial cells. (a) Western
Blots of RASA1 and H2AFX 72 h after transfection of
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scrambled (scr-miR) or miR-24 precursors (pre-24). (b)
Activities of luciferase reporter constructs comprising the
3'UTR region of RASA1 and H2AFX mRNA relative to
beta-Gal control plasmids after transfection of synthetic miR-
NAs. (c) Western blots of RASA1 and H2AFX 48 h after
transfection of specific siRNAs against RASA1, H2AFX or
appropriate control siRNAs (si-scr). TBP=TATA box binding
protein (nuclear housekeeping protein). (d) Relative changes
in apoptosis (Annexin V-assay) and changes in tube forma-
tion (e) 48 h after transfection of specific siRNAs against
RASA1, H2AFX or appropriate control siRNAs. (f) Effects
of'a low concentration (10 nM, 72 h) or short time (8 h, 100
nM) of miR-24 overexpression in endothelial cells on target
protein expression. n=3-4 experiments per group. Data are
mean and s.e.m.; *P, 0.05, ***P, 0.005.

[0059] FIG. 11 shows target mRNA expression and
Drosha-dependency. (a) mRNA expression levels of miR-24
targets 72 h after transfection of miR-24 precursors (pre-24)
or scrambled controls (scr). (b) Expression of miR-24 48 h
after silencing of Drosha in endothelial cells. Data are mean
and s.e.m.; *P, 0.05, **P, 0.01.

[0060] FIG. 12 shows cardiac endothelial expression of
miR-24 targets. (a) Localization of endothelial protein
Pecaml and the miR-24 targets Gata2, Pak4 and Rasal in
sections of mouse hearts. Nuclei were counterstained with
4',6-diamidin-2'-phenylindol-dihydrochlorid (DAPI). White
arrows indicate perinuclear region of PAK4 expression in
cardiac endothelial cells. (b) Protein expression of miR-24
targets in fractionated cardiomyocytes and cardiac endothe-
lial cells. n=3-4 experiments per group.

[0061] FIG. 13 shows miR-24 target modulation in endot-
helial cells. (a) Expression of GATA2 and PAK4 48 h after
transfection of specific siRNAs against GATA2 or PAK4 or
scrambled controls (si-scr). Right, Statistical summary. (b)
Gata2 expression three days after transfection of a murine
GFP-Gata2 construct or a YFP-labelled control construct to
human umbilical vein endothelial cells. Note, cytoplasmic
localisation of the control construct and nuclear expression of
the GFP-Gata2 construct. n=3-4 experiments per group. Data
are mean and s.e.m.; ***P, 0.005.

[0062] FIG. 14 shows that heme oxygenase-1 (HMOX1)
and sirtuin-1 (SIRT1) are regulated by GATA2 in endothelial
cells. Western blots of HMOX1 (a) and SIRT1 (b) after up- or
downregulation of GATA2 in HUVECs. (¢) SIRT1 expres-
sion after transfection of increasing doses (m.o.i.) of the
adenoviral GATA2 construct to endothelial cells. n=3-4
experiments per group. Data are mean and s.e.m.; *P, 0.05;
**4Pp, 0.005.

[0063] FIG. 15 shows that miR-24 regulates HMOX1
expression via GATA?2 and increases reactive oxygen species
(ROS) formation in endothelial cells. (a) HMOX1 expression
is regulated by miR-24 in endothelial cells. (b) FACS-based
analysis of ROS formation 72 h after transfection of synthetic
miR-24 precursors (pre-24) or scrambled controls (scr) to
HUVEC:s. (¢) GATA2 and HMOX1 expression in endothelial
cells after miR-24 inhibition and/or GATA? silencing. n=3-4
experiments per group. Data are mean and s.e.m.; *P, 0.05,
**P, 0.01, ***P, 0.005.

[0064] FIG. 16 shows rescue of miR-24-mediated apopto-
sis and impaired angiogenesis by miR-24 target overexpres-
sion. (a) Terminal deoxynucleotidyl transferase (TdT) to
transfer biotin-dUTP (TUNEL)-positive cells (white arrows)
and (b) total endothelial tube length 48 h after transfection of
miR-24 precursors (pre-24, 20 nM) to pre-transfected (-24 h)

Jul. 12,2012

(YFP-control construct, GATA2-, PAK4 and/or HMOX-1
construct; each miR-24-resistant) human endothelial cells.
n=3-6 experiments per group. Data are mean and s.e.m.; *P,
0.05, **P, 0.01, ***P, 0.005.

[0065] FIG. 17 shows cell-specific cardiac uptake of
antagomirs. (a) Primary deposition of Cy3-labeled antago-
mirs to Pecam1-positive endothelial capillaries after injection
of'a low dose (5 mg/kg) or homogenous cardiac uptake after
treatment with 80 mg/kg (high dose). (b) MiR-24 expression
in fractionated cardiomyocytes and cardiac endothelial cells
14 d after myocardial infarction (MI). Animals were treated at
dO and d2 with either 5 mg/kg scrambled antagomir (Scr) or
antagomir against miR-24 (Ant24). n=3 experiments per
group. Data are mean and s.e.m.; ***P, 0.005.

[0066] FIG. 18 shows prevention of endothelial apoptosis
in vivo and reduction of infarct size by antagomir-24 treat-
ment. Apoptotic endothelial cells (TUNEL*/Pecam1™ cells;
top) and apoptotic cardiomyocytes (TUNEL*/Tnni3™* cells;
bottom) within the periinfarct region 14 d after myocardial
infarction (MI) and treatment with scrambled antagomirs
(Scr) or antagomir-24 (Ant24). Right, Statistical summary.
n=6-8 experiments per group. Data are mean and s.e.m.; **P,
0.01.

[0067] FIG. 19 shows that antagomir-24 treatment
increases vascularization of implanted matrigel plugs. Hae-
moglobin (Hb) content (left) and vascularization of matrigel
plugs (right) 14 days after implantation and treatment with 2
doses (day 0 and 2) of antagomir-24 (Ant24) or scrambled
antagomir (Scr). n=3-4 experiments/animals per group.
[0068] FIG. 20 shows that miR-24 antagonism improves
survival after myocardial infarction. Kaplan-Meier survival
analysis of mice after myocardial infarction (MI) and treat-
ment (d0 and d2 with each 5 mg/kg antagomir) with
scrambled (Scr) or antagomir-24 (Ant24). n=23 per group.
P=0.02 between both groups.

SEQUENCE LISTING
[0069] SEQ ID NO: 1 represents the sequence of human
miR-24.
[0070] SEQ ID NO: 2 represents the sequence of murine
miR-24.
[0071] SEQ ID NO: 3 represents the sequence of antago-
mir-24.
[0072] SEQ ID NO: 4 represents the sequence of a

scrambled antagomir.

DETAILED DESCRIPTION OF THE INVENTION

[0073] A first aspect of the present invention relates to a
modulator, in particular an inhibitor, of microRNA-24 (miR-
24) for use in a method of treatment and/or prevention of
ischemia, in a method of prevention of endothelial apoptosis
or in a method of induction of angiogenesis.

[0074] The term “microRNA-24" or “miRNA-24" as used
herein refers to a family of small non-coding miRNA encoded
by at least two distinct genes, MIR-24-1 and -2. The full-
length miR-24-1 precursor is processed into two mature miR-
NAs, miR189 and miR-24 (SEQ ID NO: 1). Van Roojj et al.
(2006) identified miR-24 among a group of miRNAs upregu-
lated in two independent mouse models of cardiac hypertro-
phy. Northern blot analysis showed increased expression of
miR-24 in idiopathic end-stage failing human hearts. Over-
expression of miR-24 in cultured rat cardiomyocytes resulted
in hypertrophic growth, and cardiac overexpression of miR-
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24 in transgenic mice was embryonic lethal. In contrast to the
present invention, van Rooij did not report abnormal vessel
architecture by manipulation of miR-24 expression. Wang et
al. (2008) found that miR-24-1 regulated erythroid differen-
tiation in erythroleukemic K562 cells and in CD34-positive
human cord blood hematopoietic progenitor cells (HPCs) by
downregulating expression of activin receptor ACVR1B.

[0075] The term “modulator, in particular inhibitor, of
microRNA-24”, also called miR-24 antagonist, as used
herein refers to a substance or an effect that reduces or blocks
activity of miRNA-24 on the DNA level, e.g. by modifying
genetic translation; RNA level, e.g. by complementary oligo-
nucleotides; and/or during RNA maturation, e.g. by splice
modification. The inhibitor can act directly on miR-24 or
indirectly via further compounds or effects within a signal
pathway. Inhibitors of miR-24 can be naturally occurring,
genetically modified or synthetic inhibitors, like morpholi-
nos.

[0076] MiRNA modulators, in particular inhibitors, such as
miRNA-mimetics, miRNA antagonists, e.g. antagomirs, or
miRNA sponges provide effective tools and therapeutically
relevant approaches to treat diseases. Delivering miRNA-
mimics in disease states where specific miRNAs are
repressed may improve or attenuate disease. In other diseases
miRNAs get strongly upregulated and the goal in that case
may be to lower their expression in selected cells by comple-
mentary RNA sequences. The synthetic reverse complement
oligonucleotide approach can theoretically act at different
levels to affect miRNA levels: (a) by binding to the mature
miRNA within the RISC and acting as a competitive inhibi-
tor; (b) by binding to the pre-miRNA and preventing its
processing or entry into the RISC; (3) by interfering with the
processing or export of the pre- or pri-miRNA from the
nucleus.

[0077] Antagomirs are a novel class of chemically engi-
neered cholesterol-conjugated single-strand RNA analogues
that are efficient and specific silencers of endogenous
microRNAs in vitro and in vivo. Inhibition of miRNAs can
also be achieved with antisense 2'-O-methyl (2'-OMe) oli-
goribonucleotides or by use of lentivirally or adenovirally
expressed antagomirs. Furthermore, MOE (2'-O-methoxy-
ethyl phosphorothioate) or LNA (locked nucleic acid (LNA)
phosphorothicate chemistry)—modification of single-
stranded RNA analogues can be used to inhibit miRNA activ-
ity.

[0078] Inaddition, endogenous miRNAs canbesilenced by
the use of miRNA sponges. In that case a single species of
RNA is constructed, that contains multiple, tandem-binding
sites for a miRNA seed family of interest. As various mem-
bers of a miRNA seed family are targeted, the potential
advantage of this approach is to more effectively influence
disease pathways commonly regulated by this family of miR-
NAs. In principle it is possible to interfere with miRNA
function by scavenging away the miRNA and thereby pre-
venting it from binding its mRNA targets.

[0079] The binding of a miRNA with a specific mRNA
target can also be prevented using an oligonucleotide with
perfect complementary to the miRNA target sequence in the
3'-UTR of the mRNA, which thereby masks the binding site
and prevents association with the miRNA. A further approach
to inhibit miRNA function can be achieved by “erasers,” in
which expression of a tandem repeat of a sequence perfectly
complementary to the target miRNA inhibits the endogenous
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miRNA function. Finally, substances, molecules, drugs can
be used to inhibit miRNA expression and biogenesis.

[0080] By delivering single-stranded oligonucleotides
equivalent of the mature miRNA, an increase in the effective
concentration of a reduced miRNA can be achieved through
the use of synthetic RNA duplexes in which one strand is
identical to the native miRNA. In this case, short double-
stranded oligonucleotides are designed in which one strand is
the mature miRNA sequence (guide strand) and a comple-
mentary or partially complementary stand is complexed with
the mature miRNA sequence (passenger strand). Overexpres-
sion of miRNAs can in particular be achieved by local or
systemic application of miRNA-precursor molecules/mRNA
mimics or by viral overexpression of miRNAs by use of viral
vectors. Finally, substances, molecules, drugs can be used to
increase miRNA expression and biogenesis.

[0081] The term “ischemia” as used herein refers to a
restriction or insufficiency in blood supply and/or flow to at
least a part of the body. This restriction results in a lack or
shortage of proper oxygen, like hypoxia, and nutrients, lead-
ing to tissue damage or dysfunction. Ischemia is caused by
constriction or blockage of the supplying blood vessels.
Ischemia of heart muscle produces angina pectoris. Ischemia
may be caused by blood clots, congenital heart defects, head
injury, stroke, hypoglycemia, tachycardia, atherosclerosis,
hypotension, embolism, like thromboembolism, blood vessel
constriction and outside compression of a blood vessel, e.g.
by a tumor or in the case of the superior mesenteric artery
syndrome, sickle cell, g-forces, which force the blood fluid to
the body’s extremities, like in acrobatics and military flying,
localized extreme cold, such as by frostbite or improper cold
compression therapy as well as other circumstances and con-
ditions. The term “ischemia” comprises all types of ischemia
independent of the pathomechanism, e.g. cardiac ischemia,
bowel ischemia, ischemic colitis, mesenteric ischemia, cuta-
neous ischemia, and cerebral ischemia.

[0082] “Endothelial apoptosis™ is observed in various
physiological and pathological conditions such as wound
healing, scar formation, atherosclerosis, and diabetic eye dis-
ease in the adult, as well as in developing capillaries during
embryogenesis. It is also known to have an important role in
angiogenesis.

[0083] The term “angiogenesis” as used herein refers to a
physiological process involving the growth of new blood
vessels from pre-existing vessels. The term “angiogenesis”
comprises vasculogenesis as spontaneous blood-vessel for-
mation, intussusception as formation of new blood vessel by
splitting off existing ones, and sprouting angiogenesis. The
term “angiogenesis” herein refers also to its modern termi-
nology, i.e. (1) vasculogenesis as formation of vascular struc-
tures from circulating or tissue-resident endothelial stem
cells, which proliferate into de novo endothelial cells; (2)
angiogenesis as formation of thin-walled endothelium-lined
structures with/without muscular smooth muscle wall and
pericytes; and (3) arteriogenesis as formation of medium-
sized blood vessels are also included. Angiogenesis is a nor-
mal process in growth, development, and wound healing. It is
also a fundamental step in the transition of tumors from a
dormant state to a malignant state. The term “angiogenesis”
as used herein summarizes all different types and modifica-
tions of arterial vessel growth, e.g. increase of capillary den-
sity and small vessel formation.

[0084] In one embodiment of the present invention, the
ischemia is associated with at least one of the group of acute
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and/or chronic myocardial infarction, chronic heart failure,
peripheral vascular occlusive disease, liver and/or kidney
ischemia, stroke, bowel ischemia and chronic ulcers of the
skin and/or the mucosa.

[0085] Inone embodiment, the inhibitor is an antagomir or
(another) antisense oligonucleotide.

[0086] The term “antagomir” as used herein refers to a
chemically engineered small RNA that is used to silence
miR-24. The antagomir is complementary to the specific
miRNA target with either mis-pairing or some sort of base
modification. Antagomirs may also include some sort of
modification to make them more resistant to degradation. In a
preferred embodiment the antagomir is a chemically engi-
neered cholesterol-conjugated single-stranded RNA ana-
logue.

[0087] The term “antisense oligonucleotide” as used herein
refers to a single strand of DNA or RNA that is complemen-
tary to a miR-24 and inactivates miR-24 by binding to it.
[0088] In vivo, injections of low concentrations of antago-
mir (about 5 mg/kg body weight) silence miR-24 expression
specifically in the endothelial cell fraction, but not in cardi-
omyocyte that are only significantly repressed after applica-
tion ofhigh doses of antagomir (about 80 mg/kg body weight)
(see Results). These low doses improve vascularization and
heart function after myocardial infarction locally restricted in
endothelial cells, i.e. undesired side effects are minimized.
Therefore, in a preferred embodiment antagomir is applied in
alow dose, preferably less than about 20 mg/kg body weight,
more preferably less than about 10 mg/kg body weight, most
preferably about 5 mg/kg body weight.

[0089] In a mouse model of myocardial infarction, block-
ing of endothelial miR-24 by systemic administration of a
specific antagomir and/or antisense oligonucleotide enhances
angiogenesis in the infarct zone and border zone. In addition,
blocking of endothelial miR-24 reduces infarct size, pre-
serves cardiac function as measured e.g. by wet lung weight,
systolic and diastolic left ventricular dilatation (see Results).
Angiogenesis in the infarct zone and border zone comprises
in a preferred embodiment an increase of hemoglobin con-
tent, invasion of cells as well as small vessel and capillary
formation. No significant effects were observed in the remote
region of the infarct.

[0090] Thus, miR-24 and its antagonists, antagomirs and/
or antisense oligonucleotides, serve as spatially restricted
therapeutic target and agents, respectively, in the setting of
ischemic diseases.

[0091] Inone embodiment, the antagomir or antisense oli-
gonucleotide is essentially complementary to SEQ ID NO: 1.
In a preferred embodiment, the antagomir has a sequence
represented by SEQ ID NO: 3 (antagomir-24).

[0092] A further aspect of the present invention relates to a
direct or indirect microRNA-24 (miR-24) target for use in a
method of treatment and/or prevention of ischemia, in a
method of prevention of endothelial apoptosis or in a method
of induction of angiogenesis.

[0093] The term “direct or indirect microRNA-24 (miR-
24) target” as used herein refers to a gene whose activity is
directly or indirectly influenced (in particular inhibited) by
miR-24. A direct miR-24 target (i.e. a gene which is targeted
directly by miR-24) is characterized by the presence of miR-
24 binding sites (in particular of a miR-24-8mer seed match)
in its 3'-UTR. An indirect miR-24 target commonly functions
downstream of one or more direct miR-24 target(s). Prefer-
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ably, the direct or indirect miR-24 target is regularly
expressed in cardiovascular tissues, in particular endothelial
cells.

[0094] Preferably, the direct or indirect microRNA-24
(miR-24) target is used by activating/increasing its expres-
sion and/or activity in cells, in particular endothelial cells.
[0095] According to the present invention, the direct or
indirect microRNA-24 (miR-24) target is used (preferably, its
expression and/or its activity is activated/increased in cells,
particularly in endothelial cells) by applying (e.g. transfect-
ing or injecting) its DNA and/or RNA or parts thereof (e.g.
comprised in expression constructs or viral and non-viral
expression vectors) or by applying the gene product of the
respective target or parts thereof, e.g. polypeptides and pro-
teins. Respective methods are known to a person skilled in the
art. In a particularly preferred embodiment, the direct or
indirect miR-24 targets are overexpressed in endothelial cells
by using viral and non-viral, preferably viral expression vec-
tors.

[0096] Inone embodiment, more than one direct or indirect
miR-24 target is used. In another embodiment of the present
invention, one or more direct or indirect miR-24 target(s) and
a modulator, in particular an inhibitor, of microRNA-24
(miR-24) are used simultaneously.

[0097] Inoneembodiment, the ischemia is associated with
at least one of the group of acute and/or chronic myocardial
infarction, chronic heart failure, peripheral vascular occlusive
disease, liver and/or kidney ischemia, stroke, bowel ischemia
and chronic ulcers of the skin and/or the mucosa.

[0098] Inoneembodiment, the direct target is selected from
the group of GATA2, PAK4, RASA1, CDKN1B, AMOTL?2,
H2AFX, RAP1B, AXL, S1PR1, MAGI1, TFPI, ANGPT4
and BMPR2, preferably from the group of GATA2, PAK4,
RASAI1, AMOTL2, S1PR1, ANGPT4 and BMPR2, even
more preferably from the group of GATA2, PAK4 and
RASAL.

[0099] “GATA2”is also known as GATA binding protein 2.
GATA2 is a member of the GATA family of transcription
factors that contain zinc fingers in their DNA binding domain.
GATA2 is an endothelial-enriched transcription factor that
regulates gene expression in hematopoietic cells and is
expressed in non-hematopoietic embryonic stem cells and
hematopoietic progenitors including early erythroid cells,
mast cells, megakaryocytes, and endothelial cells.

[0100] “PAK4” is also known as P21(CDKN1A)-activated
kinase 4. PAK4 is a member of the family of serine/threonine
p21-activating kinases. PAK proteins are eftectors that link
Rho GTPases to cytoskeleton reorganization and nuclear sig-
naling and serve as targets for the small GTP binding proteins
Cdc42 and Rac. PAK4 interacts specifically with the GTP-
bound form of Cdc42Hs and weakly activates the INK family
of MAP kinases. PAK4 is also a mediator of filopodia forma-
tion and may play a role in the reorganization of the actin
cytoskeleton. As can be seen from these examples, PAK4 is
implicated in a wide range of biological pathways.

[0101] “RASAL1” is also known as RAS p21 protein acti-
vator 1 or RasGAP (Ras GTPase activating protein). RASA1
is a cytosolic human protein that is part of the GAP1 family of
GTPase-activating proteins. RASA1 stimulates the GTPase
activity of normal, but not oncogenic RAS p21. RASA1l
transfers Ras from its active GTP-bound form to its inactive
GDP-bound form by enhancing the endogenous GTPase
activity of Ras by a C-terminal GAP domain. RASA1 is also
active in mitogenic signal transmission towards downstream
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interacting partners by N-terminal SH2-SH3-SH2 domains.
Mutations leading to changes in the binding sites of either
protein are associated with basal cell carcinomas.

[0102] “CDKNI1B” refers to the cyclin-dependent kinase
inhibitor 1B. Cyclin-dependent kinase activation requires
association with cyclins (e.g., CCNE1) and phosphorylation
by CAK (CCNH), and leads to cell proliferation. Inhibition of
cellular proliferation occurs upon association of a CDK
inhibitor (e.g., CDKNI1B) with a cyclin-CDK complex.
Expression of CCNE1-CDK2 at physiologic levels of ATP
results in phosphorylation of CDKNI1B at thr187, leading to
elimination of CDKN1B from the cell and progression of the
cell cycle from G1 to S phase. At low ATP levels, the inhibi-
tory functions of CDKN1B are enhanced, thereby arresting
cell proliferation.

[0103] “AMOTL2” is also known as angiomotin-like 2.
Angiomotin (AMOT), the founding member of the motin
family, is involved in angiogenesis by regulating endothelial
cell motility, and is required for visceral endoderm movement
in mice. AMOTL2 is an Fgf-responsive gene. Knockdown of
AMOTL2 expression impairs convergence and extension
movement, and AMOTL2-deficient cells in mosaic embryos
fail to migrate properly. This coincides with loss of membrane
protrusions and disorder of F-actin. AMOTL2 partially co-
localizes with RhoB- or EEA1-positive endosomes and the
non-receptor tyrosine kinase c-Src. AMOTL2 interacts pref-
erentially with and facilitates outward translocation of the
phosphorylated c-Src, which may in turn regulate the mem-
brane architecture. AMOTL?2 is essential for cell movements
in vertebrate embryos.

[0104] “H2AFX” is also known as H2AX. It refers to a
member of the histone H2A family, 1 of 5 families of histone
proteins involved in nucleosomal organization of chromatin.
Hypoxia-induced replication-associated generation of phos-
phorylated gamma-H2AX in human umbilical vein endothe-
lial cells in vitro and in mice. In mice, this was associated with
retinal neovascularization. H2AX-null mice showed
decreased endothelial cell proliferation under hypoxic condi-
tions, including deficient hypoxia-induced neovasculariza-
tion in proliferative retinopathy, in response to hind-limb
ischemia, and in tumor angiogenesis. In contrast, develop-
mental angiogenesis is not affected. Endothelial-specific
H2AX deletion resulted in reduced hypoxia-driven retinal
neovascularization and tumor neovascularization.

[0105] “RAPI1B” (and RAP1A) belong(s) to a superfamily
of RAS-like small GTP-binding proteins involved in cell
signaling.

[0106] The protein encoded by the gene “AXL.” is a mem-
ber of the receptor tyrosine kinase subfamily. The transform-
ing activity of demonstrates that the receptor can drive cellu-
lar proliferation. AXL, may involve the stimulation of cell
proliferation in response to an appropriate signal, i.e., aligand
that activates the receptor.

[0107] “S1PR1” refers to the sphingosine-1-phosphate
receptor 1. The lysosphingolipid sphingosine 1-phosphate
(S1P) regulates cell proliferation, apoptosis, motility, and
neurite retraction. Its actions may be both intracellular as a
second messenger and extracellular as a receptor ligand. S1P
and the structurally related lysolipid mediator lysophospha-
tidic acid (LPA) signal cells through a set of G protein-
coupled receptors (GPRs) known as EDG receptors (S1PR3).
[0108] “MAGI1”belongs to the membrane-associated gua-
nylate kinase (MAGUK) family of scaffolding proteins that
assemble multimolecular complexes at subcellular mem-
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brane sites. MAGUK proteins share a common modular
structure that consists of 1 or 3 PDZ domains, an SRC homol-
ogy-3 (SH3) domain, and a C-terminal guanylate kinase
(GUK) domain. Using the yeast 2-hybrid system to identify
proteins that interact with the C terminus of KRasB, MAGI1
was identified. The predicted 1,171-amino acid protein has an
N-terminal GUK domain, followed by 2 WW domains and 5
PDZ domains.

[0109] “TFPI” refers to tissue factor pathway inhibitor. The
gene contains 9 exons and alternative splicing results in the
absence of exon 2 in the 5-prime untranslated region of some
messages. TFPI-2 may play a role in vessel wall repair by
regulating cell proliferation and survival. TFPI is otherwise
known as lipoprotein-associated coagulation inhibitor
(LACI) because it circulates in association with plasma lipo-
proteins VLDL, LDL, and HDL. It is a multivalent, Kunitz-
type proteinase inhibitor. LACI directly inhibits factor Xa,
and, in an Xa-dependent fashion, also inhibits the factor VIla-
tissue factor catalytic complex.

[0110] “ANGPT4” refers to angiopoietin-4. Angiopoietins
are members of the vascular endothelial growth factor family.
The angiopoietins include a naturally occurring agonist,
angiopoietin-1 (ANGPT1), as well as a naturally occurring
antagonist, angiopoietin-2 (ANGPT?2), both of which act by
means of the TIE2 receptor. Using homology-based cloning
approaches, 2 novel angiopoietins were identified: angiopoi-
etin-3 (ANGPT3) in mouse, and angiopoietin-4 (ANGPT4)
in human. Although angiopoietin-3 and angiopoietin-4 are
more structurally diverged from each other than are the mouse
and human versions of angiopoietin-1 and angiopoietin-2,
they appear to represent the mouse and human counterparts of
the same gene locus, as revealed in chromosomal localization
studies of all the angiopoietins in mouse and human. The
structural divergence of angiopoietin-3 and angiopoietin-4
appears to underlie the diverging functions of these counter-
parts.

[0111] “BMPR2” refers to bone morphogenetic protein
receptor 2. Bone morphogenetic proteins (BMPs) are a family
of'proteins that induce bone formation at extracellular sites in
vivo. BMPs act on osteoblasts and chondrocytes as well as
other cell types, including neuronal cells and endothelial
cells, and they play important roles in embryonic develop-
ment. Members of the BMP family include BMP1 to BMP6,
BMP7, also called osteogenic protein-1 (OP1), OP2 (BMPS),
and others. BMPs belong to the transforming growth factor
beta (TGF-beta) superfamily, which includes, in addition to
the TGF-betas, activin/inhibins (e.g., alpha-inhibin), mulle-
rian inhibiting substance, and glial cell line-derived neu-
rotrophic factor. TGF-betas and activins transduce their sig-
nals through the formation of heteromeric complexes of 2
different types of serine (threonine) kinase receptors: type |
receptors of about 50 to 55 kD and type I receptors of about
70 to 80 kD. Type II receptors bind ligands in the absence of
type [ receptors, but they require their respective type I recep-
tors for signaling, whereas type I receptors require their
respective type Il receptors for ligand binding. BMPR2 is a
type 1I receptor for BMPs.

[0112] Inone embodiment, all above mentioned direct tar-
get genes of miR-24, in particular GATA2, PAK4, RASAL,
butalso AMOTL2, S1IPR1, ANGPT4 and BMPR2, exert their
anti-apoptotic and angiogenic properties after transfection of
the respective cells or cell lines (in particular endothelial
cells), e.g. via viral vectors or other commonly known trans-
fection systems.
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[0113] The inventors have surprisingly found that miR-24
is upregulated in endothelial cells, but not in cardiomyocytes
post myocardial infarction and after hypoxic conditions (see
Results). In the context of the invention, it was also found that
miR-24 overexpression induces apoptosis specifically in
endothelial cells, whereas miR-24 antagonism reduces apo-
ptosis in this cell type. In contrast, miR-24 modulation is
without effect on apoptosis in other cardiac cell types, such as
neonatal cardiomyocytes, the cardiomyocyte cell line HOC2
or cardiac fibroblasts. Hypoxia-induced apoptosis of endot-
helial cells is attenuated by transfection of miR-24 antago-
nists, whereas additional transfection of miR-24 precursors
exaggerates endothelial apoptosis (see Results).

[0114] The inventors have shown by different protein
repression assays that miR-24 induces apoptosis specifically
in endothelial cells by directly targeting the endothelial-en-
riched transcription factor GATA?2 and the kinases PAK4 and
RASAL1 (see Results). MiR-24-mediated reduction of PAK4
prevents BAD phosphorylation further contributing to endot-
helial apoptosis. GATA2 repression leads to a profound
increase in apoptosis and impaired endothelial capillary net-
work formation. GATA?2 also regulates SIRT1 and HO-1 for
which the abbreviation HMOX-1 is also used in the present
context.

[0115] In summary, miR-24 antagonism attenuates
hypoxia-mediated endothelial apoptosis in vitro. Direct miR-
24 targets, such as GATA2, PAK4 and RASAL1, and/or a
modulator, in particular an inhibitor, of miR-24 control a
complex network of apoptotic and angiogenic programs and
regulate capillary formation in endothelial cells. These
important cellular characteristics impact on (neo-) vascular-
ization in vivo, especially after ischemic events (see Results).
Thus, miR-24 and its downstream targets in endothelial cells
may serve as valuable therapeutic entry points to interfere
with endothelial genetic programs leading to improved vas-
cularization and cardiac performance after myocardial infarc-
tion. As shown by the data herein, direct miR-24 targets, such
as GATA2, PAK4, RASAL1, and/or a modulator, in particular
an inhibitor, of miR-24 can be used in a method of treatment
and/or prevention of ischemia, in a method of prevention of
endothelial apoptosis or in a method of induction of angio-
genesis.

[0116] In one embodiment, the indirect target is selected
from the group of phosphorylated BAD, heme oxygenase 1
(HO-1 or HMOX-1), sirtl, bambi, esm1 and ntn4.

[0117] The term “BAD” as used herein refers to a distant
member of the Bcl-2 family that promotes cell death. In
contrast, phosphorylated BAD prevents apoptosis. The term
“phosphorylated BAD” as used herein refers to at least one
phosphorylation of BAD at any possible phosphorylation
site, e.g. Ser112 and/or Ser136.

[0118] The term “heme oxygenase 1” or “HO-17, also
called “HMOX-1", as used herein refers to an enzyme of the
heme catabolism that cleaves heme to form biliverdin. Heme
oxygenase activity is induced by its substrate heme and vari-
ous non-heme substances. Heme oxygenase occurs as two
isozymes, an inducible heme oxygenase-1 and a constitutive
heme oxygenase-2 that belong both to the heme oxygenase
family.

[0119] Theterm “sirt1” as used herein refers to amember of
a family of currently seven proteins termed sirtuins. Sirtl
plays a central role in regulating cellular differentiation and
senescence and controls metabolic pathways in response to
nutrient availability in a wide variety of tissues.
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[0120] Theterm “bambi” as used herein refers to a putative
transmembrane glycoprotein related to the type I receptors of
the transforming growth factor-beta (TGF-beta) family,
whose members play important roles in signal transduction in
many developmental and pathological processes. However,
the encoded protein is a pseudoreceptor, lacking an intracel-
lular serine/threonine kinase domain required for signaling.
[0121] The term “esm1” as used herein refers to a secreted
protein, which is mainly expressed in the endothelial cells in
human lung and kidney tissues. The expression of this gene is
regulated by cytokines, and the transcript contains multiple
polyadenylation signals and mRNA instability signals. Two
transcript variants encoding different isoforms have been
found for the coding gene of esml1.

[0122] HO-1, bambi, esm1, ntn4, sirt1 and phosphorylated
BAD (phospho-BAD) are factors that indirectly regulate and
modulate miR-24 effects (i.e. they represent indirect targets
of miR-24). As direct targets of miR-24, indirect miR-24
targets can be used in a method of treatment and/or prevention
of ischemia, in a method of prevention of endothelial apop-
tosis or in a method of induction of angiogenesis. In one
embodiment, all above mentioned indirect target genes of
miR-24 exert their anti-apoptotic and angiogenic properties
after transfection of the respective cells or cell lines (in par-
ticular endothelial cells), e.g. via viral vectors or other com-
monly known transfection systems.

[0123] Genomic sequences of sirtl and HO-1 display
GATA2 binding sites within their promoter region, and
enrichment of the respective DNA sequences after GATA2
immunoprecipitation was detected (see Results). Overex-
pression of GATA2 strongly induces protein expression of
sirt] and HO-1, whereas siRNA-mediated GATA?2 silencing
reduces sirt]l and HO-1 expression (see Results). HO-1,
which displayed no miR-24 binding site, is regulated by miR-
24 via modulation of GATA?2 (see Results). HO-1 and sirtl
exert angiogenic, vasoprotective and anti-apoptotic actions in
endothelium, and consequently, miR-24-mediated repression
of HO-1 and sirtl via GATA2 resulted in enhanced reactive
oxygen species formation in endothelial cells (see Results).
[0124] Inasearch for reversely regulated genes by GATA2
expression modulation, the inventors identified further genes,
which are all enriched after GATA-2 ChIP (see Results).
These identified genes code bambi, esml and ntnd. Like
HO-1 and sirtl, the proteins bambi, esm1 and ntn4 show
vasoprotective and anti-apoptotic actions in endothelium.
[0125] Endothelial miR-24 regulates a network of apop-
totic and angiogenic proteins. Thus, miR-24 and its direct and
indirect target genes/proteins serve as specific therapeutic
targets in the setting of ischemic diseases.

[0126] A further aspect of the present invention relates to a
precursor of miR-24 (pre-miR-24) for use in a method of
treatment of angiogenesis associated with cancer.

[0127] The term “precursor of miR-24 (pre-miR-24)” as
used herein is meant to refer to synthetic double-stranded,
preferably chemically modified, RNA molecules designed to
mimic endogenous mature miR-24. Their structure and
design are known to a person skilled in the art. They can be
introduced into cells using transfection or electroporation
parameters similar to those used for siRNAs.

[0128] A further aspect of the present invention relates to a
siRNA or shRNA against a direct or indirect miR-24 target for
use in a method of treatment of angiogenesis associated with
cancer, wherein the direct miR-24 target is preferably
selected from the group of GATA2, PAK4, RASAI,
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AMOTL2, S1PR1, ANGPT4 and BMPR2. Preferably, the
indirect target is selected from the group of heme oxygenase
1 (HO-1 or HMOX-1), sirtl, bambi, esm1 and ntn4.

[0129] Small solid tumors are not vascularized. To spread,
they need to be supplied by blood vessels that bring oxygen
and nutrients and remove metabolic wastes. Beyond the criti-
cal volume of about two cubic millimeters, oxygen and nutri-
ents have difficulties diffusing to the cells in the center of the
tumor, causing a state of cellular hypoxia that marks the onset
of tumor angiogenesis. Therefore, blood vessel development
is an important process in tumor progression and favors the
transition from hyperplasia to neoplasia, i.e. the passage from
a state of cellular multiplication to a state of uncontrolled
proliferation characteristic of tumor cells. Neovasculariza-
tion also influences the dissemination of cancer cells through-
out the entire body eventually leading to metastasis forma-
tion.

[0130] The inventors have surprisingly found miR-24 to be
a molecular factor involved in angiogenesis suitable as a
treatment of angiogenesis associated with cancer.

[0131] A further aspect of the present invention relates to an

in vitro method for diagnosing ischemia or prevalence or

disposition for ischemia, comprising the steps of:

[0132] a) providing a test sample of a subject comprising
endothelial cells;

[0133] D) identifying the amount of miR-24 and/or of at
least one direct or indirect miR-24 target in the test sample;

[0134] c) comparing the amount of miR-24 and/or of the at
least one direct or indirect miR-24 target in the test sample
with a control sample;

wherein an up-regulation of miR-24 and/or a down-regula-
tion of the at least one direct or indirect miR-24 target in the
test sample, in comparison to the control sample, indicates
ischemia or prevalence or disposition for ischemia.

[0135] In the in vitro method according to the invention
providing a test sample of a subject does not comprise the step
of taking a sample from a human being, but the steps after
taking the sample from a human being and the step of taking
samples from non-human beings, preferably non-human
mammalians. Providing a test sample or a cell culture
includes all necessary or recommended preparation steps,
like staining, centrifuging, isolating, purifying, filtrating, fix-
ating, and precipitating.
[0136] MIiR-24 overexpression inhibits angiogenesis selec-
tively in endothelial cells and controls the apoptotic and
angiogenic direct and indirect target genes/proteins, such as
GATA2, PAK4 and RASA1 (see Results). Thus, miR-24 and
its direct and indirect targets as defined above, in particular
GATA2, PAK4 and RASAL, serve as diagnostic markers in
the setting of ischemic diseases. The use of more than one of
the above markers make the diagnostic method according to
the invention more reliable.
[0137] A further aspect of the present invention relates to a
method for identifying a modulator of miR-24 and/or of a
direct or indirect miR-24 target comprising the steps of:
[0138] a)providingacell culture expressing miR-24 and/or
a direct or indirect miR-24 target;

[0139] b) contacting a candidate substance with the cell
culture;
[0140] c) assessing the expression and/or activity of miR-

24 and/or of the direct or indirect miR-24 target;
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[0141] d)comparing the expression and/or activity of miR-
24 and/or of the direct or indirect miR-24 target of step ¢)
with the expression and/or activity in the absence of the
candidate compound,

wherein a difference in the expression and/or activity of miR-
24 and/or of the direct or indirect miR-24 target qualifies the
candidate substance as a modulator of miR-24 and/or of the
direct or indirect miR-24 target.

[0142] The “modulator” as used herein regulates and modi-
fies expression and/or activity of miR-24 and of direct or
indirect miR-24 targets.

[0143] A further aspect of the present invention relates to a
pharmaceutical composition or kit comprising a modulator,
in particular an inhibitor, of microRNA-24 (miR-24) as
defined above, preferably an antagomir and/or an antisense
oligonucleotide which is essentially complementary to SEQ
ID NO: 1, more preferably an antagomir having a sequence
represented by SEQ ID NO: 3.

[0144] In one embodiment, the pharmaceutical composi-
tion or kit as defined above, further comprises at least one
direct or indirect miR-24 target as defined above (e.g. in the
form of a polypeptide or polynucleotide/nucleic acid).

[0145] A further aspect of the present invention relates to a
pharmaceutical composition or kit comprising at least one
direct or indirect miR-24 target as defined above (e.g. in the
form of a polypeptide or polynucleotide/nucleic acid).

[0146] A further aspect of the present invention relates to a
pharmaceutical composition or kit comprising a precursor of
miR-24 (pre-miR-24) as defined above and/or a siRNA or
shRNA against a direct or indirect miR-24 target as defined
above.

[0147] A further aspect of the present invention relates to an
endothelial cell devoid of expressing functional miR-24.

[0148] A further aspect of the present invention relates to a
non-human, transgenic animal comprising cells devoid of
expressing functional miR-24.

[0149] Functional miR-24 has its full activity without any

reduction or modification.

[0150] In a further aspect the present invention relates to a

method for treating ischemia in a subject in need thereof,

comprising the steps of:

[0151]

[0152] b) inhibiting the expression and/or activity of miR-
24 and/or activating/increasing the expression and/or
activity of at least one direct or indirect miR-24 target as
defined above in cells, in particular endothelial cells, of the
subject.

[0153] In a still further aspect, the invention relates to a

method for preventing ischemia in a subject which is at risk of

developing ischemia, comprising the steps of:

[0154] a) identifying a subject which is at risk of develop-
ing ischemia;

[0155] D) inhibiting the expression and/or activity of miR-
24 and/or activating/increasing the expression and/or
activity of at least one direct or indirect miR-24 target as
defined above in cells, in particular endothelial cells, of the
subject.

a) identifying a subject suffering from ischemia;
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[0156] In another aspect the invention relates to a method
for preventing endothelial apoptosis in a subject in need
thereof, comprising the step of inhibiting the expression and/
or activity of miR-24 and/or activating/increasing the expres-
sion and/or activity of at least one direct or indirect miR-24
target as defined above in endothelial cells of the subject.
[0157] Ina further aspect, the present invention relates to a
method for inducing angiogenesis in a subject in need thereof,
comprising the step of inhibiting the expression and/or activ-
ity of miR-24 and/or activating/increasing the expression
and/or activity of at least one direct or indirect miR-24 target
as defined above in cells, in particular endothelial cells, of the
subject.

[0158] In preferred embodiments, the expression and/or
activity of miR-24 is inhibited by applying an antagomir,
preferably antagomir-24 (SEQ ID NO: 3) in a low dose,
preferably less than about 20 mg/kg body weight, more pref-
erably less than about 10 mg/kg body weight, most preferably
about 5 mg/kg body weight, and the expression and/or activ-
ity of at least one direct or indirect miR-24 target as defined
above is activated/increased by transfection of a expression
construct comprising a nucleic acid, in particular DNA,
sequence of the least one direct or indirect miR-24 target or
parts thereof.

[0159] In a further aspect, the present invention relates to a
method for treating angiogenesis associated with cancer in a
subject in need thereof, comprising the step of activating/
increasing the expression and/or activity of miR-24 (e.g. by
applying pre-miR-24) and/or inhibiting the expression and/or
activity of at least one direct or indirect miR-24 target as
defined above in cancer cells of the subject.

[0160] In a preferred embodiment, the step of activating/
increasing the expression and/or activity of miR-24 and/or
inhibiting the expression and/or activity of at least one direct
or indirect miR-24 target as defined above is performed by
administering an effective dose of a precursor of miR-24
(pre-miR-24) and/or of an effective dose of a siRNA or
shRNA against the at least one direct or indirect miR-24 target
as defined above to cancer cells of the subject.

[0161] Another aspect of the present invention relates to the
use of
[0162] a modulator, in particular an inhibitor, of

microRNA-24 (miR-24) as defined above and/or
[0163] adirector indirect microRNA-24 (miR-24) target
as defined above
for the manufacture of a medicament for the treatment and/or
prevention ofischemia, of a medicament for the prevention of
endothelial apoptosis or of a medicament for the induction of
angiogenesis.
[0164] A further aspect of the present invention relates to
the use of
[0165]
or
[0166] a siRNA or shRNA against a direct or indirect
miR-24 target as defined above
for the manufacture of a medicament for the treatment of
angiogenesis associated with cancer.

a precursor of microRNA-24 (pre-miR-24) and/

Results

[0167] 1.1 Selective miR-24 Upregulation in Endothelial
Cells after Myocardial Infarction and Hypoxia

[0168] Invitro, hypoxic conditions (1% O,, 24 h) increased
miR-24 expression specifically in endothelial cells (FIG. 1a).
A spatiotemporal analysis of miR-24 expression in different
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fractionated cardiac cell types demonstrated strong induction
of miR-24 selectively in endothelial cells isolated from
ischemic but not remote myocardium early after myocardial
infarction (FIG. 15,¢). Accordingly, only weak miR-24
expression was detected in normal myocardium, whereas the
hybridization signal was strongly increased in the periinfarct
zone fourteen days post MI in mice (FIG. 1d4) and in patients
after ischemic cardiac insult (FIG. 5a). Other members of
hypoxia-sensitive miRNAs served as controls and were also
induced after MI (FIG. 5b).

1.2 Activation of Apoptotic Programs and Impairment of
Angiogenic Properties in Endothelial Cells by miR-24

[0169]
precursors were overexpressed in different cardiac cell types.

To characterize miR-24 function, synthetic miR-24

Transfection efficiency of miRNA precursors and antagonists
was monitored by miRNA-specific qRT-PCR and Cy3-la-
beled pre-miRNAs (FIG. 6a,b). Transfection of miR-24 pre-
cursors led to a significant increase of mature miR-24 expres-
sion but not of unrelated miRNAs such as miR-33a, miR-412
or miR-510 (FIG. 64 and data not shown). MiR-24 overex-
pression induced apoptosis selectively in endothelial cells,
whereas miR-24 antagonism reduced apoptosis (FIG. 2a). In
contrast, miR-24 modulation was without effect on apoptosis
in other cardiac cell types, such as neonatal cardiomyocytes,
the cardiomyocyte cell line H9C2 or cardiac fibroblasts (FI1G.
2a and data not shown), suggesting miR-24 target-enrich-
ment in endothelial cells. Hypoxia-induced apoptosis of
endothelial cells was attenuated by blocking endogenous
miR-24, whereas overexpression of miR-24 using synthetic
precursors exaggerated endothelial apoptosis (FIG. 25).
MiR-24 attenuated tube formation independently from its
proapoptotic effects suggesting the potential involvement of
multiple target networks (FIG. 2¢, FIG. 7). Endothelial spher-
oid formation, migration in scratch wound assays and prolif-
eration were also impaired by miR-24 (FIG. 2¢,d,e). With
regard to function in other cardiac cell types, miR-24 over-
expression was reported to increase cardiomyocyte hypertro-
phy in vitro (van Rooil et al., 2006) but its modulation had no
effects on fibroblast proliferation or collagen type I expres-
sion (FIG. 8).

[0170] To analyze miR-24 effects in vivo miR-24 precur-
sors were injected into tg(flk:GFP) zebrafish embryos that
express green fluorescent protein (GFP) in the vasculature. 48
hpf embryos had increased miR-24 expression levels and
presented abnormal vessel architecture and insufficient blood
transport, demonstrating miR-24 activation to result mainly

in a vascular phenotype, although other cell type specific
effects cannot be excluded (FIG. 9)

1.3 MiR-24 Coordinates a Complex Program for Endothelial
Apoptosis and Vascularization Capacity by Direct Targets

[0171] To identify direct miR-24 targets that trigger endot-
helial apoptosis and impair angiogenic properties, first bio-
informatic miRNA target prediction tools were employed. Of
all potential miR-24 targets enrichment of endothelial
expressed genes was found (see Table 1).
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TABLE 1
Predicted microRNA-24 targets
Evolutionary
conserved no. Predicted Predicted Seed match
Gene of species target target for miR-24
symbol Gene name (miRBase) (miRBase) (PicTar) (TargetScan)
GATA2 Endothelial transcription 4 yes no 8 mer
factor GATA2
PAK4 Serine/threonine-protein 5 no yes 8 mer
kinase PAK 4
RASA1 Ras GTPase-activating 10 no yes 8 mer
protein 1
CDKNI1B Cyeclin-dependent kinase 4 no yes 8 mer
inhibitor 1B (p27Kipl)
AMOTL2 angiomotin like 2 3 no yes 8 mer
H2AFX histone family, member X 5 yes yes 7 mer
RAPIB RAPI1B, member of RAS 5 no yes 8 mer
oncogene family
AXL AXL receptor tyrosine 8 no yes 7 mer
kinase
S1PR1 sphingosine-1-phosphate n.a. n.a. n.a. 8 mer
receptor 1
MAGI1 membrane associated 5 no n.a. 8 mer
guanylate kinase, WW
and PDZ domain
containing 1
TFPI tissue factor pathway 5 no n.a. 8 mer
inhibitor
ANGPT4  angiopoietin 4 5 no n.a. 8 mer
BMPR2 protein receptor, type 11 6 no no 7 mer
[0172] A substantial amount of genes with putative 3'UTR genomic sequences bound by GATA2 (FIG. 3e). For GATA2

binding sites for miR-24 were detected, which genes cover
important functional roles in endothelium including the tran-
scription factor GATA2, the p21-activated kinase PAK4, the
RAS p21 protein activator RASA1 and the histone coding
gene H2AFX (Table 1). Transfection of primary endothelial
cells with miR-24 precursors resulted in protein repression of
GATA2,PAK4,RASAT and H2AFX (FIG. 3¢ and FIG. 10a).
Low concentrations or short transfection times had little
effect on target repression (FIG. 10f). PAK4 and RASA1
mRNA levels were also repressed suggesting mRNA degra-
dation (FIG. 11a). MiR-24 expression in endothelial cells was
Drosha-dependent (FIG. 115).

[0173] When the respective 3'UTR regions were fused to a
luciferase reporter gene and determined luciferase activity in
cells transfected with synthetic miR-24 precursors, miR-24
significantly repressed luciferase activity, whereas unrelated
miRNAs or miR-24 binding site-mutated 3'UTR target
sequences showed no effect (FIG. 36 and FIG. 105). Thus,
GATA2, PAK4, RASA1 and H2AFX were identified as direct
targets of miR-24. Immunohistochemical and western blot-
ting analyses revealed enriched cardiac endothelial expres-
sion of GATA2, PAK4 and RASA1 (FIG. 124, b). Silencing of
both GATA2 and PAK4 in endothelial cells by siRNA abro-
gated tube formation capacity and induced apoptosis (FIG.
3¢,d). RASAL silencing induced apoptosis, but did not alter
tube formation, whereas no effects were seen after H2AFX
downregulation (FIG. 10c-¢).

[0174] To understand the cellular changes upon miR-24
target regulation, the downstream signalling cascades of the
direct miR-24 target GATA2 was further investigated. Global
transcriptome analysis after viral overexpression or silencing
of GATA2 in endothelial cells (FIG. 13a,6) was combined
with chromatin-immunoprecipitation (ChIP) to enrich

overexpression a murine GFP-GATA2 construct was used
(F1G.135). Reciprocally regulated genes after GATA2 modu-
lation were searched for and further genes important in angio-
genesis, e.g. BAMBI, ESM1 and NTN4, were identified
which display GATA2 binding sites in their respective pro-
moters and were enriched after GATA2-ChIP (FIG. 3e). To
identify the proteins mediating pro-apoptotic action of endot-
helial miR-24, endothelial protein extracts after transfection
of scrambled miRs or synthetic miR-24 precursors were
hybridized to a protein-microarray spotted with antibodies
for proteins involved in apoptosis. A number of pro-apoptotic
proteins were upregulated, e.g. HIF1A (hypoxia-inducible
factor-1 alpha) and FAS, whereas strong reduction of BAD
(Bcl-XL/Bcl-2-associated death promoter) and HMOX1
(heme-oxygenase-1) (FIG. 3f,g left) was found. Genomic
sequences of HMOX1 and SIRT1 displayed GATA2 binding
sites within their promoter region (data not shown) and
enrichment of the respective DNA sequences was detected
after GATA2 immunoprecipitation (FIG. 3e). In line with
these observations, GATA2 overexpression strongly induced
protein expression of HMOX1 and SIRT1, whereas siRNA-
mediated GATAZ2 silencing reduced expression (FIG. 14a-¢).
HMOX1, which displayed no miR-24 binding site, was regu-
lated by miR-24 via modulation of GATA2 (FIG. 154,c¢).
MiR-24-mediated repression of HMOX1 was found to result
in enhanced reactive oxygen species formation in endothelial
cells (FIG. 155).

[0175] MiR-24 overexpression led to a reduction of phos-
phorylated BAD (pBAD), whereas miR-24 antagonism
induced the pPBAD/BAD ratio (FIG. 3g). Repression of the
direct miR-24 target PAK4 resulted in reduced BAD phos-
phorylation (FIG. 3% and FIG. 13a) contributing to increased
apoptosis in endothelial cells (FIG. 3d). Overexpression of
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miR-24 resistant GATA2, PAK4 and HMOX1 rescued miR-
24-mediated endothelial apoptosis and impaired tube forma-
tion capacity (FIG. 16a,b).

[0176] Insummary, anetwork ofdirectand indirect miR-24
targets was identified regulating apoptosis and angiogenic
properties in endothelial cells, important cellular character-
istics that impact on (neo)vascularization in vivo, especially
after ischemic events (FIG. 3i).

1.4 Specific Targeting of Cardiac Endothelial Cells by Low
Antagomir Concentrations

[0177] To study the effects of miR-24 on vascularization in
vivo, chemically engineered cholesterol-conjugated single-
strand RNA analogues (antagomirs) targeting miR-24 or
scrambled controls were injected into mice (FIG. 4a). In
initial experiments, Cy3-labeled antagomirs were found to be
effectively taken up by endothelial cells in vitro (FIG. 4b).
Because it was desired to target mainly the endothelial cell
fraction in vivo, first titration experiments with Cy3-labeled
antagomirs were performed to achieve preferential delivery
to endothelial cells. Injection of a Cy3-labeled antagomir at a
low dose (5 mg/kg) mainly resulted in cellular uptake in
cardiac endothelial cells, whereas injection of a high dose (80
mg/kg) led to a strong homogeneous uptake of all cardiac
cells, including cardiomyocytes (FIG. 17a). Consequently,
injections of low doses of an antagomir (5 mg/kg, day 0 and
2) against miR-24 were found to repress miR-24 but not
unrelated miRNAs mainly in fractionated endothelial cells
obtained from healthy and ischemic heart tissue (FIG. 4a,c,
FIG. 176 and data not shown).

1.5 Antagomir-24 Treatment Improves Vascularization and
Preserves Cardiac Function after Myocardial Infarction
[0178] Subsequently, the effects of endothelial miR-24
antagonism in a mouse model of myocardial infarction were
tested. The miR-24 targets GATA2, PAK4 and RASA1 were
downregulated in fractionated cardiac endothelial cells post-
MI, whereas antagomir-24 treatment completely normalized
expression (FIG. 4d). Immunohistochemical studies revealed
lower capillary density and a higher amount of apoptotic
cardiomyocytes and endothelial cells in the periinfarct zone
when compared to remote myocardium (FIG. 4e and FIG.
18). In contrast, endothelial apoptosis measured by TUNEL*/
Pecam1* cells was reduced and capillary as well as arteriolar
density was increased in the periinfarct region after miR-24
antagonism, whereas no changes were observed in the remote
myocardium (FIG. 4e, FIG. 18). Improved capillary density
correlated with significant smaller infarct size 14 d after MI
(control 0.54+0.06 vs. antagomir-24: 0.38+0.03, p<0.05).
Increased invasion of cells and capillary network formation
was also detected, as well as higher haemoglobin contents in
implanted matrigel plugs in mice fourteen days after treat-
ment with an antagomir against miR-24 demonstrating
improvement of angiogenesis (F1G. 19). MI led to an impair-
ment of cardiac function fourteen days after intervention
(FIG. 4f). Systolic and diastolic left ventricular diameter as
well as lung wet weight increased after MI (FIG. 4g-i). In
contrast, immediate treatment after MI with an antagomir
against miR-24 (day 0 and 2) improved cardiac function and
attenuated pulmonary congestion and left ventricular dilata-
tion (FIG. 4a,f g h,i). Survival of Ml-animals was signifi-
cantly improved by miR-24 antagomir treatment (FIG. 20;
survived animals at d14: scrambled antagomir, 43.5% vs.
antagomir-24, 78.3%, P=0.02). To exclude significant oft-
target effects and to confirm specificity of antagomir-24, an
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antagomir against a scrambled sequence was injected, which
did not affect miR-24 expression, infarct healing or plug
vascularization (FIG. 4c,e,f,g,h,i and FIGS. 175,18,19).

1.6 Summary

[0179] miR-24 was identified as a critical regulator of
endothelial cell survival and angiogenesis. Direct and indirect
miR-24 targets including GATA2 (regulating SIRT1 and
HMOX1), PAK4 (regulating BAD phosphorylation) and
RASA1 were found, that together control a complex network
of apoptotic and angiogenic programs in endothelial cells.
Application of antagomirs permitted silencing of miR-24
expression predominantly in endothelial cells in vivo, result-
ing in reduced endothelial apoptosis, enhanced vasculariza-
tion, decreased infarct size and improved cardiac function
after MI. Thus, miR-24 and its downstream targets can serve
as valuable therapeutic entry points to interfere with endot-
helial genetic programs and thereby improve vascularity and
cardiac performance after ischemic injury.

Methods
2.1 Cultivation of Cardiovascular Cells

[0180] Human umbilical vein endothelial cells (HUVECs)
were cultured in EGM2 media supplemented with 20% (v/v)
fetal calf serum (FCS) and supplements (all reagents from
Cambrex Lonza, UK). Cells were grown in a humidified
atmosphere at 5% CO, and 37° C. Neonatal rat cardiomyo-
cytes and cardiac fibroblasts were isolated and cultured as
described previously (Thum, 2008; Thum et al., 2007).

2.2 Fractionation of Cardiac Cell Types from Heart Tissue
[0181] The thorax of mice was opened and the aorta was
cannulated. After washing with 37° C. PBS, the heart together
with the cannula was removed and perfused with a collage-
nase solution for 5 min (Joklik MEM medium supplemented
with 10 mM butanedione monoxime, 20 uM calcium chlo-
ride, 1 mg/ml collagenase II). Then the heart was placed in
37° C. pre-warmed collagenase solution for further 25 min
and was subsequently minced and filtered through a nylon
mesh (200 um pore size). Then, cardiomyocytes and cardiac
fibroblasts were separated by a sedimentation step as
described (Thum, 2008). Within the non-cardiomyocyte cell
fraction retained in the supernatant an incubation step with
CD146-antibodies coupled to microbeads was performed and
subjected to magnetic affinity cell sorting according to the
manufacturers’ recommendations (Mouse CD146 microbead
endothelial isolation kit, Miltenyi Biotec, Germany). Purity
of fractionated cells was assessed by cell specific stainings
(Thum, 2008) and RT-PCR analysis of endothelial-specific
miR-126 and cardiomyocyte-specific miR-499 (see below).
2.3 mRNA/RNA Isolation, miRNA-RT-PCR and Global
Transcriptome Analysis

[0182] RNA isolation was done with TRIzol reagent (Invit-
rogen, Germany) or the mirVana miRNA Isolation Kit (Am-
bion, USA) according to manufacturers’ instructions. For
detection of miRNAs in samples different TagMan
MicroRNA assays (Applied Biosystems, USA) were applied
(see Table M1). The small RNA molecule U6 small nuclear
(Rnu6b) was amplified as a control. RT-PCR analysis was
performed in an ICycler (Bio-Rad, Germany). The organ
panel for miR-24 expression analysis was purchased from
BioCat (Heidelberg, Germany). To assess RNA integrity for
downstream array analysis total RNA was subjected to cap-
illary chromatography in an Agilent bioanalyzer 2100 (Agi-
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lent, USA). Gene array analysis was performed using the
Aftymetrix Genechip system according to the manufacturer’s
instructions and using Human Gene 1.0ST arrays (Affyme-
trix Systems, USA). Further microarray analyses and data
handling were performed using the XRAY software package
(Biotiquesystems, USA).

2.4 RT-PCR mRNA Analysis

[0183] For detection of rat collagen I (Col-1A1) mRNA
expression RT-PCR was performed (oligonucleotide
sequences in Table M2). RNA isolation was done with TRIzol
reagent (Invitrogen, Germany) and reverse transcribed with
iScript Select cDNA Synthesis Kit (Bio-Rad, Germany). RT-
PCR analysis was performed in an ICycler (Bio-Rad, Ger-
many) with the following conditions: 94° C. 2 min, then [94°
C. 15 sec, 60° C. 30 sec, 72° C. 40 sec]x40, followed by melt
curve analysis. Data were normalized to house-keeping gene
GAPDH by the use of standard curves.

2.5 In Situ Hybridization

[0184] In situ hybridization directed against miR-24 was
carried out using a cocktail of four digoxigenin (DIG)-la-
belled  LNA-residue-containing  oligodeoxynucleotide
probes where the LNA modifications were placed at different
positions within the miR-24-complementary sequence (Table
M3). Heart tissues were collected, immersed in 4% formal-
dehyde solution for 24 h, then placed in 0.5 M sucrose for 48
h. Tissues were frozen in a dry-ice/ethanol bath, mounted for
sectioning using a cryostat (Leica). Sections of 10 um were
mounted on SuperFrost Plus glass slides (Thermo Fisher
Scientific). The tissue sections were further fixed with form-
aldehyde-EDC. For probe hybridization, 32 pmol of LNA
probe cocktail (8 pmol of each probe) were applied in 100 ul
of hybridization solution per slide. Probes were hybridized
overnight at 51° C., and processing was continued using a
series of enzymatic reactions with the product being a colo-
rimetric precipitate of 5-bromo-4-chloro-3-indolyl phos-
phate (BCIP) and nitro blue tetrazolium (NBT). Images were
captured on an Olympus BX50 microscope equipped with a
DP70 camera and Olympus DP controller software. Next to
miR-24, also in situ hybridization for miR-23a, miR-23b,
miR-27a and miR-27b were performed (Table M3).

2.6 Transfection Assays

[0185] Transient liposomal transfection of small-inhibitory
RNAs (siRNAs) or microRNAs was done according to manu-
facturers’ instructions. Briefly, cells were splitted one day
before transfection to reach 60-70% confluence on day of
transfection. Specific siRNAs/miRNAs and control siRNA/
miRNA and Lipofectamine 2000 (Invitrogen, Germany) were
mixed separately and incubated for 5 min with Opti-MEM 1
(Invitrogen) media. Complexes were added together and
incubated for 20 min. Media was changed to antibiotic-free
media before adding liposomal siRNA complexes (final con-
centration 150 nM for siRNA and 100 nM for miRNAs). Cells
were incubated for 4 h before changing the media to fresh
medium. Silencing of proteins or miRNA targets was moni-
tored 48 h (siRNA) or 72 h (miRNAs) post transfection by
western blot analysis. Specific details about the used siRNAs
and miRNAs are given in Table M4.

2.7 Apoptosis Detection

[0186] Apoptosis was measured with the Annexin-V-Fluos
kit from Roche Diagnostics (Penzberg, Germany) according
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to manufacturers’ instructions. FACS analysis was performed
on a FACSCalibur (BD Biosciences, USA).

2.8 Western Blotting

[0187] Western blot analysis was performed with 10-40 ng
total protein. Protein was blotted onto PVDF membrane in
Mini Trans-Blot electrophoretic transfer cell (Bio-Rad, Ger-
many). Afterwards different antigens were detected by appro-
priate antibodies (see Table MS5).

2.9 Apoptosis Protein Array

[0188] Apoptosis array data were generated by applying a
human apoptosis array kit (ARY009, R&D, USA). 200 ng
protein from a pool of three samples were incubated with
antibody-coated membranes following manufacturers’
instructions. Various regulated proteins were then validated
by Western blotting.

2.10 ELISA

[0189] For phospho-Bad (Ser112) detection in cell culture
samples we applied a PathScan Phospho-Bad (Serl112) Sand-
wich ELISA Kit (#7182, Cell Signaling, USA) according to
manufacturers’ instructions. Phospho-Bad levels were related
to total BAD expression levels as obtained by Western Blot-
ting.

2.11 Detection of Reactive Oxygen Species (ROS)

[0190] The redox-sensitive, cell-permeable fluorophore
dihydroethidium (DHE) becomes oxidized in the presence of
0O, to yield fluorescent ethidium. Thus, dye oxidation is an
indirect measure of the presence of reactive oxygen interme-
diates. MiRNA-transfected HUVECs were incubated with
DHE (2.5 uM) for 30 min. After washing, HUVECs were
immediately analyzed with FACS (FACS Calibur, BD Bio-
science).

2.12 Tube Formation Assay

[0191] Transfection or transduction of cultured cells was
done as mentioned before. Then, cells were harvested and
15.000 cells were seeded on top of Matrigel coated chamber
slides (BD, Germany). After 6-8 h and 24 h pictures were
taken on a Zeiss Axiovison microscope (Jena, Germany). In
selected experiments the pan-caspase inhibitor Caspase 3
inhibitor I (Calbiochem, Germany, 100 puM, 72 h) was
employed.

2.13 Spheroid Formation Assay

[0192] miRNA-transfected HUVECs were trypsinized,
collected in EBM-2 medium containing 20% FCS and 20%
Methocel (Sigma, Germany). For spheroid formation, 750
cells in 150 pl medium were plated per one well in 96-well
round bottom plate for non-adherent cells and cultivated over-
night at 37° C., 5% CO2. Next day, the spheroid formation
was visualized using Zeiss Axiovert 135 microscope at 10x
magnification.

2.14 Scratch Wound (Migration) Assay

[0193] Transfected HUVECs were cultivated in EBM-2
medium at 37° C., 5% CO,. The scratches in the cell mono-
layer ware generated using 100 pl tip and the cells were
photographed at O h, 8 h and 24 h using Zeiss Axiovert 135
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microscope. Subsequently, the distance between cell fronts
was measured using AxioVision documentation system
(Zeiss).

2.15 Proliferation Assays

[0194] To measure proliferative capacity in miRNA-modu-
lated cells, a WST-1 (Roche, Germany) or a standard BrdU
proliferation assay (Calbiochem, Germany) was applied.
MiRNA transfection was performed as mentioned before.
Next, medium was changed and replaced by WST-1 or BrdU
reagent as detailed by the manufacturer. WST-1 and BrdU
absorbances were measured at 450 nm (WST-1) and 340 nm
(BrdU), respectively.

2.16 MicroRNA Target Prediction

[0195] The microRNA databases and target prediction
tools miRBase (http:/microrna.sangerac.uk/), PicTar (http://
pictar.mdc-berlin.de/) and TargetScan (http://www.tar-
getscan.org/index.html) were used to identify potential
microRNA targets. Specifically, targets with known expres-
sionin cardiovascular tissue were screened for. The focus was
on targets predicted by at least two prediction data bases and
containing a miR-24-8mer seed match in the respective
3'UTR region.

2.17 Immunofluorescence

[0196] Frozen heart sections were acetone-fixed, washed
and blocked with 5% (v/v) donkey sera or MOM Mouse IgGs
(for RASA1 stain) before addition of appropriate Alexa-con-
jugated secondary antibodies (Invitrogen). Slides were
mounted in VECTASHIELD/DAPI (Linaris). Details about
used antibodies are shown in Table M6.

2.18 Luciferase Reporter Assays

[0197] A luciferase reporter assay system was applied to
validate potential miRNA targets. A putative 3"-UTR miRNA
binding sequence was cloned into Spel and HindIII cloning
site of pMIR-REPORT vector (Ambion). Mutations in the
putative miR-24 binding sites were introduced using site
directed mutagenesis (Quick Change II-Site Directed
Mutagenesis Kit, Stratagene). The mutations within the
3'UTRs are as follows (8-mer seed in bold, mutated nucle-
otides underlined): GATA2 wild-type: 5'-CAGGCTGGGCT-
GAGCCAAAGCCAGAGTG-3', GATA2 mutant 5'-CAG-
GCTGGGCTGGTACAAAGCCAGAGTG-3"; PAK4 wild-
type 5-CCTCTCCCCCTGAGCCATTGGGGGGGTC-3',
PAK4 mutant 5'-CCTCTCCCCCTG
CTCCATTGGGGGGGTC-3". The resulting construct was
co-transfected with miRNAs of interest and beta-galactosi-
dase control plasmid (Promega) into HEK293 reporter cells
in 48-wells by use of Lipofectamine 2000 (Invitrogen). 0.2 ug
plasmid DNA and 100 nM miRNA were applied. Cells were
incubated for 24 h before measuring luciferase and [-galac-
tosidase activity (Promega, Germany).

2.19 Viral Transduction

[0198] The original GFP-murine-GATA2 plasmid was
from Novartis (Basel, Switzerland). N-terminal GFP-tagged
GATA2 was subcloned in an appropriate adenoviral entry
vector. Adenoviruses were generated using the Gateway sys-
tem (Invitrogen) by PCR amplification of the human cDNA
sequence and recombination into the pAd/CMVNS destina-
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tion vector (Invitrogen). Subsequently, 15 pg of purified
recombinant adenoviral DNA were digested with Pacl and
precipitated with sodium acetate. 1 pg of linearised vector
was transfected to HEK 293 cells (Invitrogen) using Effect-
ene reagent (Qiagen). After three amplifications adenoviruses
were purified and titered using the Adeno X Maxi purification
kit and rapid titer kit (Clontech). For viral transduction
experiments cells were grown to subconfluence and infected
with viral particles for 4 h before changing the medium.
M.o.i. was 4-40. An YFP-control virus was also applied with
same m.o.i.

2.20 Chromatin Immunoprecipitation

[0199] Chromatin immunoprecipitation (ChIP) was used to
detect protein-DNA interactions. First, protein G sepharose
beads were blocked o/n at 4° C. HUVECs from confluent T75
flasks were first cross-linked and harvested. The pellet was
lysed and sonified to yield DNA fragments from 100-1000 bp
in length. Afterwards, samples were centrifuged at maximum
speed to yield cleared lysates. Aliquots were separately taken
to measure sonification efficiency by agarose gel analysis. To
reduce non-specific background, cleared lysates were pre-
cleared on blocked Protein G Sepharose beads (GE Health-
care) twice. Samples were subjected to either immunopre-
cipitation with 5 pg GATA2 antibody (Santa Cruz
Biotechnology, sc-267x) or control mouse IgGs (Santa Cruz
Biotechnology, sc-2025) o/n at 4° C. To block non-specific
background BSA and herring sperm DNA were added. One
sample with cell lysis and IP dilution buffer was used as mock
control. The next day GATA2/DNA cross-links were col-
lected by incubation with Protein G beads. Beads were
washed twice with dialysis buffer and four times with IP wash
buffer. Finally, beads were washed twice with TE-buffer.
Antibody-GATA2/DNA complexes were eluted from the
beads by adding 150 pl IP elution buffer and heating at 65° C.
The elution step was repeated and combined eluates were
reverse cross-linked. Samples were subjected to RNA and
protein degradation. Afterwards, DNA was isolated and puri-
fied with Qiagen PCR purification kit (Qiagen).

[0200] For ChIP primer-design first 2000-2500 bp
upstream promoter region of candidate target genes by
Ensembl Genome Browser (http://www.ensembl.org/index.
html) were identified. Subsequently, the promoter region for
potential GATA2 binding sites was screened by the use of
ALLGEN-Promo, and appropriate primer pairs that amplify
potential GATA2 binding sites were selected. Subsequent
PCR analysis of chipped DNA fragments was done by mixing
2.5 pl sample, 2.5 pl 4 uM appropriate primer pairs, 10 pl
HotStarTaq Mix (Qiagen) and applying the following proto-
col: 94° C. 10 min, [94° C. 1 min, 57° C. 30 sec, 72° C. 1
min]x33, 72° C. 10 min, 4° C. hold. Used oligonucleotide
primer sequences are given in Table M7.

2.21 Zebrafish Assays

[0201] These studies as well as all other in vivo studies
described herein conform to the Guide for the Care and Use
of Laboratory Animals published by the US National Insti-
tutes of Health (NIH Publication No. 85-23, revised 1996).

[0202] Zebrafish wildtype TU and TL lines and the trans-
genic line TG(flk1:eGFP***) were kept at 28.5° C. and
staged as described (Walker et al., 2007). To inhibit pigmen-
tation, 0.003% 1-phenyl-2-thiourea was added to the embryo
medium. Embryos were injected at the 1-2 cell stage with 2 nl
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of pre-miR-24 (25 uM) or control pre-miRs (25 uM). Injected
embryos were analysed 48 hpf (hours post fertilization).
Images of living embryos were acquired with Leica MZ
FLIIIL For confocal analyses, zebrafish embryos were fixed at
48 hpf in a 4% paraformaldehyde solution overnight and
embedded in 1.5% LMW agarose. Confocal images were
obtained with Leica TCS SP2 confocal laser scanning micro-
scope. Series of sections with the optimized step size for the
individual objectives were taken. The maximum projection
algorithm of the Leica software was then used to calculate
information sectored in different ranks to a two-dimensional
projection.

2.22 Antagomir Injection

[0203] Antagomirs were designed and provided by Regu-
Ius Therapeutics (USA) and as described (Krutzfeldt et al.,
2005). Sequences were: Antagomir-24: 5'-CTGTTCCTGCT-
GAACTGAGCCA-chol-3' (SEQ ID NO: 3) and scrambled
Antagomir: 5'-ACAAACACCAUUGUCACACUCCA-
chol-3' (SEQ ID NO: 4). Antagomirs were diluted in
nuclease-free water and 100 pl at concentrations of 5 mg/kg
and 80 mg/kg were applied to mice via retroorbital injection.

2.23 Myocardial Infarction

[0204] Male Mice (C57BL/6, 8-10 weeks) underwent coro-
nary artery ligation for the production of myocardial infarc-
tion (MI). Successful generation of MI after occlusion of the
left ascending artery was monitored by parallel electrocardio-
gram (ECG; ST-elevation) measurements and impaired wall
motion by echocardiography. Only mice with significant ST-
elevation in the ECG analysis and impaired wall motion by
echocardiography were included in the study. Briefly, mice
were anesthetized, placed on a heating pad, intubated and
ventilated with a mixture of oxygen and isoflurane. After left
lateral thoracotomy and exposure of the heart by retractors,
the left anterior descending coronary artery (LAD) was per-
manently ligated. Successful production of MI was checked
by measurements of ST-elevation in electrocardiograms as
well as impaired left ventricular wall motion by echocardio-
graphy. Animals that did not show ST-elevation and impaired
left ventricular wall motion after myocardial infarction were
excluded from further studies. Fourteen days after M1, addi-
tional echocardiography measurements were performed and
finally hearts were excised and cut into transverse sections.
From the middle ring, sections were cut and stained with
appropriate antibodies (see above). Cardiac dimensions and
function were analyzed by pulse-wave Doppler echocardio-

graphy.
2.24 Analysis of Capillary and Arteriolar Density

[0205] Analyses of capillary and arteriolar density were
performed in transverse sections of the peri-infarct zone and
remote zone from left ventricles 14 days after MI. Capillary
and arteriolar densities were evaluated after fluorescent
immunohistochemical staining for Pecam-1 (endothelial
marker) or a-smooth muscle actin (Acta2; smooth muscle
cells). Arterioles were recognized as vessels with one or more
continuous layer of Acta2-positive vascular smooth muscle
cells. The number of capillaries and arterioles per mm® was
counted in a blinded fashion.

2.25 Determination of Apoptotic Endothelial Cells and Car-
diomyocytes in Vivo

[0206] Apoptosis was quantified at 14 days after MI by
terminal deoxynucleotidyltransferase (TdT)-mediated dUTP
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nick-end labelling (TUNEL) technique (in situ cell death
detection kit Fluorescein, Roche, Germany) and combined
cell-type specific stainings of either endothelial cells (Pe-
caml) or cardiomyocytes (Tnni3). Following treatment of
slides with proteinase K (20 ug/ml, 30 min at 37° C.), TUNEL
assay was performed as described by the manufacturer. Sec-
tions were additionally stained with DAPI to recognize
nuclei. At least ten high power fields (400x) from the peri-
infarct zone were analysed.

2.26 Determination of Infarct Size

[0207] Cardiac ring sections were stained with picrosirius
red and infarct size was determined by planimetric measure-
ment using a microscope and calculated by dividing the sum
of'endocardial and epicardial circumferences of infarct areas
by the sum of the total endocardial and epicardial circumfer-
ences.

2.27 Matrigel Implantation and Determination of Vascular-
ization

[0208] 300 pl Matrigel™ Basement Membrane Matrix
High Concentration (BD, Germany) supplemented with 600
ng/ml bFGF, 300 ng/ml VEGF and 25 U/ml Heparin were
injected subcutaneously into wildtype C57BL/6 mice and
harvested two weeks later. Animals were treated post implan-
tation with Antagomir-24 or a scrambled control antagomir (5
mg/kg at day 0 and day 2) by retroorbital injection. Half of the
plug were lysed in cell lysis buffer and samples were mea-
sured for haemoglobin amount with a Mouse Hemoglobin
ELISA (#E-90HM, Immunology Consultants Laboratory
Inc, USA). Hemoglobin amount was normalized to total pro-
tein. Additional plugs were frozen in TissueTec, sliced,
stained with CD31 antibodies and investigated by fluores-
cence microscopy.

2.28 Statistical Analysis

[0209] Average data are presented as mean and s.e.m.
unless stated different. Statistical analysis was carried out
using the StatView (SAS Institute) package. For statistical
comparison of two groups, unpaired, two-tailed Student’s
t-test was used; for the comparison of three or more groups,
ANOVA followed by Fisher’s post-test was used. Differences
were considered significant when P, 0.05. In the figures, P
values are indicated by one (P, 0.05), two (P, 0.01) or three (P,
0.005) asterisks.

TABLE M1

TagMan miRNA detection assavys

miRNA Reference

miR-21 Assay ID 000397, Applied Biosystems, USA
miR-24 Assay ID 000402, Applied Biosystems, USA
miR-126 Assay ID 002228, Applied Biosystems, USA
miR-499 Assay ID 001352, Applied Biosystems, USA
RNU6 -2 Assay ID 001093, Applied Biosystems, USA
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TABLE M2
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TABLE M4-continued

Primers used for mRNA RT-PCR

Used siRNAs and miRNAs

Gene Product scrambled siRNA sc-37007, Santa Cruz Biotechnology, USA
Agsign- size control-A
ment primer (forward, reverse) [bp]
miRNAs
Collal forward: 5'-ttgaccctaaccaaggatgc-3' 197
reverse: 5'-caccccttcectgegttgtatt-3! MiRNAs Reference
GAPDH £ d: 5'- t ttect tt-3" 200
orwar | aactecceatreotecace miR-24 PM10737, Applied Biosystems, USA
reverse: 5'-gagggcctctetettgetet-3! L. . X
anti-miR-24 AM10737, Applied Biosystems, USA
miR-22 PM11752, Applied Biosystems, USA
miR-210 PM10516, Applied Biosystems, USA

pre-miR. precursor PM17111, Applied Biosystems, USA

TABLE M3 .
molecules-negative
Oligonucleotides used for in gitu hybridization control #2
Oligo- UV melting
nucleotide Sequence (5' to 3! temperature
name LNA in lowercase) (e C.) TABLE M5
24-2 CtGTTCCTYCTGAACLGaGeCA 73.3 Antibodies applied in this work for Western blotting
24-3 CTGTTCcTGCTGAACTGaGCcA 67.0 Antibody Reference Immunization
24-4 CtGTTCcTGCLGAACTgAGCCA 69.0 GAPDH ab8245, Abcam, USA mouse
GATA2 arp31855, Aviva Systems Biology, USA rabbit
24-5 CTGTTCCtGecTGAACtGaGeCa 75.3 GFP ab1218, Abcam, USA mouse
HMOX1 ATF3776, R&D Systems, USA goat
23a GGaAAtCCCtGYCRaTGTGaT 68.8 PAK4 ab19007, Abcam, USA rabbit
BAD ab28840, Abcam, USA rabbit
23b GGTAAt CCCTGYCAALGEGAT 68.0 RASA1 ab2922, Abcam, USA mouse
SIRT1 ab32441, Abcam, USA rabbit
27a GCGGaACTtAGCCACTGTGaA 61.9 H2AFX ab11175, Abcam, USA rabbit
TBP ab818, Abcam, USA mouse
27b GCAGaAcTtAgCCACTGTGaA 68.0 DROSHA ab12286, Abcam, USA rabbit
TABLE M4 TABLE M6
Used siRNAs and miRNAs Antibodies applied in this work for immunofluorescence
microscopy
siRNAs
Antibody Reference Immunization
siRNAs Reference
PECAM1 #2388, AbD Serotec, Germany rat
GATA?2 sc-37228, Santa Cruz Biotechnology, USA TNNI3 sc-15368, Santa Cruz Biotechnology, USA  rabbit
PAK4 5¢-39060, Santa Cruz Biotechnology, USA GATA2 arp31855, Aviva Systems Biology, USA rabbit
H2AFX sc-62464, Santa Cruz Biotechnology, USA PAK4 ab19007, Abcam, USA rabbit
RASA1 sc-29467, Santa Cruz Biotechnology, USA RASA1 ab2922, Abcam, USA mouse
Drosha Lo
TABLE M7
Primers used for ChIP-PCR
Product
size
Promoter region primer (forward, reverse) [bp]
BMP and activin forward: 5'-tctcaggttttggagggaga-3' 259
membrane-bound reverse: 5'-ggccgagactgacactcaat-3'
inhibitor (BAMBI)
Endothelial cell forward: 5'-caagtgatatgccagggtca-3' 136
specific molecule reverse: 5'-tggttgttttgcatgaggac-3'
1 (ESM1)
Heme oxygenase 1 forward: 5'-catcaccagacccagacaga-3' 133
(HMOX1) reverse: 5'-aaggccgactttaagggaag-3'
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TABLE M7-continued
Primers used for ChIP-PCR
Product
size
Promoter region primer (forward, reverse) [bp]
Netrin 4 (NTN4) forward: 5'-gagccagttattcagcaaagaaa-3' 180
reverse: 5'-atgcagaggccatgctaatce-3'
Sirtuin 1 (SIRT1) forward: 5'-ggagtcacagtgtgccagaa-3' 201

reverse: 5'-ccttecctttctagegtgage-3'!
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1. A method for treatment and/or prevention of ischemia,
prevention of endothelial apoptosis, and/or induction of
angiogenesis, wherein said method comprises administering,
to a subject in need of such prevention and/or treatment, an
inhibitor of microRNA-24 (miR-24) and/or a direct or indi-
rect microRNA-24 (miR-24) target.

2. The method, according to claim 1, wherein the ischemia
is associated with at least one of the group consisting of acute
and/or chronic myocardial infarction, chronic heart failure,
peripheral vascular occlusive disease, liver and/or kidney
ischemia, stroke, bowel ischemia and chronic ulcers of the
skin and/or the mucosa.

3. The method, according to claim 1, wherein the inhibitor
is an antagomir or an antisense oligonucleotide.

4. The method, according to claim 3, wherein the antago-
mir or the antisense oligonucleotide is essentially comple-
mentary to SEQ ID NO: 1.

5-6. (canceled)

7. The method according to claim 1, wherein the direct
target is selected from the group consisting of GATA2, PAK4,
RASA1, CDKNI1B, AMOTL2, H2AFX, RAPIB, AXL,
S1PR1, MAGI1, TFPI, ANGPT4 and BMPR2.

8. The method according to claim 1, wherein the indirect
target is selected from the group consisting of phosphorylated
BAD, heme oxygenase 1 (HO-1 or HMOX-1), sirt1, bambi,
esml and ntn4.

9. A method for treatment of angiogenesis associated with
cancer wherein said method comprises administering, to a
subject in need of such treatment, a precursor of miR-24 (pre
miR-24) and/or a siRNA or shRNA against a direct or indirect
miR-24 target.

10. The method according to claim 9, wherein the direct
miR-24 target is selected from the group consisting of
GATA2, PAK4, RASA1, AMOTL2, SIPR1, ANGPT4 and
BMPR2.

11. An in vitro method for diagnosing ischemia or preva-
lence or disposition for ischemia, comprising the steps of:

a) providing a test sample of a subject comprising endot-
helial cells;

b) identifying an amount of miR-24 and/or of at least one
direct or indirect miR-24 target in the test sample;

¢) comparing the amount of miR-24 and/or of the at least
one direct or indirect miR-24 target in the test sample
with a control sample;

wherein an up-regulation of miR-24 and/or a down-regula-
tion of the at least one direct or indirect miR-24 target in the
test sample, in comparison to the control sample, indicates
ischemia or prevalence or disposition for ischemia.

12. A method foridentifying a modulator of miR-24 and/or
of a direct or indirect miR-24 target comprising the steps of:

a) providing a cell culture expressing miR-24 and/or a
direct or indirect miR-24 target;

b) contacting a candidate substance with the cell culture;

¢) assessing the expression and/or activity of miR-24 and/
or of the direct or indirect miR-24 target;

d) comparing the expression and/or activity of miR-24
and/or of the direct or indirect miR-24 target of step ¢)
with the expression and/or activity in the absence of the
candidate compound,

wherein a difference in the expression and/or activity of miR-
24 and/or of the direct or indirect miR-24 target qualifies the
candidate substance as a modulator of miR-24 and/or of the
direct or indirect miR-24 target.

13. A pharmaceutical composition or kit comprising an
inhibitor of microRNA-24 (miR-24) and/or at least one direct
or indirect miR-24 target and/or a precursor of miR-24 (pre-
miR-24) and/or a siRNA or shRNA against a direct or indirect
miR-24 target.

14-16. (canceled)

17. An endothelial cell devoid of expressing functional
miR-24 or a non-human, transgenic animal devoid of express-
ing functional miR-24.

18. (canceled)



